Ion beam mixing in amorphous silicon. by Jafri, Zaeem Hasan.
U N IU E R S IT Y  OF SURREY L IB R A R Y

I O N  B E A M  M I X I N G  I N  A M O R P H O U S  S I L I C O N
By
ZAEEM HASAN JAFRI
A  thesis submitted to the department o f Electronic and 
Electrical Engineering, University o f Surrey, for the degree 
o f Doctor o f Philosophy (Ph.D) in Microelectronics.
June, 1990.
(Dedicated very zoanrdy a n d  humhCy to m y  
Coving father Jafri as a proclamation 
of the infinite gratitude which I owe him.
A C K N O W L E D G E M E N T S
First and foremost, I  would very much like to thank my supervisor Dr. I.H. Wilson for his 
guidance and support throughout the course o f this research work, without which this thesis 
would never have been completed. I also sincerely thank Dr. R.P. Webb for the overall 
supervision and great help on countless occasions. Many thanks to Dr. C. Jeynes for being a 
lovable friend and a very helpful colleague. Also, I must not forget to thank Dr. E. Maydell 
for spending her precious time in getting me started in the business. Thanks are also due to 
all the staff members o f the accelerator lab for being more than helpful and very friendly.
I am extremely grateful to The British Council for financing me throughout the duration o f 
my degree and also to the University o f Engineering and Technology, Lahore, for granting 
me study leave.
I also thank my darling mother and father, for their constant encouragement and moral 
support which I badly needed from time to time. And, last but not least I would like to thank 
Abida for being a patient wife and also for being an excellent mother to our sons Fareed and 
Aziz who are too young to know what I deprived them of.
ABSTRACT
This thesis reports a study o f certain aspects o f ion beam mixing in amorphous silicon. 
The amorphous silicon films are deposited by RF sputter deposition technique, and 
heavy metal markers o f gold and tantalum are used to section these films. Mixing in the 
amorphous silicon films is brought about by energetic argon ions o f various energies (100 
keV to 300 keV) and an estimate o f mixing is made by observing the shift and 
broadening in the marker profile using Rutherford backscattering spectrometry.
Mixing versus depth as a function o f the angle o f incidence is investigated experimental­
ly, by implanting at ten different angles (0° to 85°), films, with the marker at various 
depths. A  comparison o f the experimental results is made with the Wilson and Webb 
model, the average diffusion model, and a computer simulation code TRIM-Cascade. A ll 
the comparisons show evidence o f radiation enhanced diffusion in the experiment. The 
presence o f radiation enhanced diffusion is confinned when a double marker technique is 
employed to determine the effect o f sputtering, contraction and swelling, in an 
amorphous silicon film, due to mass transport under argon ion irradiation, both at room 
temperature and at LN2 temperature.
Finally, as an application o f the ion beam mixing process, silicide fonnation at the 
interface o f a Ni-Si and an Fe-Si system is considered. The need to form useful silicides 
is evident from the recent developments in VLSI technology where transition metal 
silicides have been explored for interconnect metallization, gate metallization and low 
resistivity contacts. In the research work presented here, it is found that both the Ni-Si 
and Fe-Si systems show cascade type o f mixing but silicide fonnation is more evident in 
the Ni-Si system.
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C H A P T E R  1
INTRODUCTION
1.1 SCOPE OF THE THESIS
In the past few years ion beam mixing has become a research topic o f increasing interest 
because o f its involvement in the synthesis o f compound semiconductor films [1.1] and 
ion beam analysis. The investigations have not only been theoretical [1.2, 1.3] and 
experimental [1.4] but computer codes [1.5, 1.6, 1.7] have also been developed to 
investigate the mixing effect. Ion beam mixing has found technological significance 
because it has potential for application in modifying the physical and chemical properties 
o f surface layers and thin films [1.8, 1.9], The object o f this research work is to 
experimentally examine certain aspects o f ion beam mixing in amorphous silicon and 
critically interpret the experimental results by comparing them with theoretical models 
and computer simulation codes.
1.2 A SUMMARY OF THE THESIS 
Chapter 1
This chapter provides a general introduction to the phenomenon o f ion beam mixing and 
also gives the scope o f this thesis. The object o f this research work is to experimentally
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examine some aspects o f ion beam mixing in amorphous silicon and also to critically 
compare the experimental results with theory and computer simulation codes. A  summary 
o f the thesis is given for a quick overall view.
Chapter 2
This chapter gives a literature review o f the relevant aspects o f ion beam mixing. 
According to literature ion beam mixing is the result o f an atomic collision cascade 
during which point defects are created as Frenkel pairs. As the point defects are mobile, a 
rearrangement o f the target atoms occurs, leading to a diffusive motion called cascade 
mixing. Also, during ion implantation target atoms from the surface may recoil into the 
substrate giving rise to recoil mixing. Below a certain critical temperature cascade mixing 
exhibits a square root dependence on the dose, whereas recoil mixing has a linear 
dependence.
It has been found by various people that ion beam mixing has a linear dependence on the 
deposited energy. Also ion beam mixing is independent o f temperature below 80K, but, 
above a certain critical temperature it may increase or decrease with rise in temperature, 
depending on the nature o f the target.
Mixing versus angle o f incidence as a function o f depth was explained by Wilson and 
Webb with the help o f a geometrical model. They found that mixing maximises at 
different angles o f incidence depending upon the depth at which the interface is 
considered. When the interface is considered around the damage range, then mixing 
maximises at normal incidence but when the interface coincides with the surface, the 
mixing parameter approximates the sputtering yield.
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This chapter describes the procedure of the experiment and explains the necessary details 
of the experimental techniques used, namely RF sputter deposition, ion implantation and 
Rutherford backscattering spectrometry (RBS).
Chapter 4
In this chapter an experimental investigation is made of mixing versus angle of incidence 
with depth using gold or tantalum markers. The marker is buried in amorphous silicon at 
various depths between 175xl015 atoms/cm2 and 870xl015 atoms/cm2 and implanted at 
angles between 0° and 80° in steps of 10° and also at 85° using an argon dose of lxlO16 
atoms/cm2. Both the unimplanted and implanted samples are analysed by RBS using 
normal and 40° tilted incidence. The marker profiles obtained from RBS are fitted with a 
joined half-Gaussian and the shift and broadening produced in the markers is used to 
determine the sputtering yield and mixing respectively.
When the experimental data are compared with the Wilson and Webb model, the average 
diffusion model and computer simulation codes TRIM-Cascade and TRIDYN, an 
indication of radiation enhanced diffusion is found in the experiment. These comparisons 
indicate that the Wilson and Webb model appears to be closer to the experimental data 
even though the model does not take into account radiation enhanced diffusion. This is 
because of the method of fitting which assumes a high degree of anisotropy in the high 
energy group of trajectories, thereby assuming a large degree of forward motion in the 
cascade.
Chapters
This chapter deals with a study of atomic collision cascade using a double marker system. 
Two tantalum markers are deposited in an amorphous silicon film such that the deep 
marker is fixed at ~500 nm below the surface and is well beyond the range of 150 keY
Chapter 3
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argon ions. The shallow marker is placed at different depths ranging from 12 nm to 220 
nm below the surface. When the double marker system is irradiated with 150 keV argon 
ions the surface recedes due to sputtering and causes both markers to move towards the 
surface. However, because of swelling due to the dose and excess interstitials, and 
contraction due to excess vacancies, a compensation between swelling, contraction and 
sputtering will occur. This will be observed as a net shift in the RBS profile of the 
shallow marker. A  plot of the shallow marker shift with depth indicates well marked 
regions of swelling and contraction within the matrix. Also, evidence of radiation 
enhanced diffusion is found when the experimental data are compared with TRIM-Cas- 
cade. Radiation enhanced diffusion is confirmed by implanting at a lower temperature of 
90K and observing a substantial decrease in the number of point defects.
Chapter 6
This deals with an application of the ion beam mixing process. Here mixing at the 
interface of a Ni-Si and an Fe-Si system is considered for doses of lxlO15, 2xl015, 4xl015, 
8x1015, and 2x101* atoms/cm2 of a 100 keV and 300 keV argon ions. The experimental 
results show that cascade type of mixing is dominant in both the Ni-Si and Fe-Si systems. 
However, the Ni-Si system mixes more efficiently as compared to the Fe-Si system.
Chapter 7
This chapter concludes the research work presented in chapters 4, 5 and 6 and also gives 
some suggestions for further work.
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LITERATURE REVIEW
2.1 INTRODUCTION
Ion beam mixing of solid systems has steadily gained interest in the past ten years and the 
field is still in its infancy. A  few broad based reviews on ion beam mixing have been 
made in the past, and of these the latest one is by Paine and Liu [2.1]. The review given 
in this chapter has been done in the light of the research work presented in subsequent 
chapters. It begins with a resume of atomic collisions in solids which is central to the 
philosophy of this thesis, specially chapter 5. This is followed by a brief account of the 
dependence of ion beam mixing on various factors like dose, energy, temperature and 
angle of incidence etc. which form the subject of chapters 4 and 6.
2.2 ATOMIC COLLISION CASCADE
The physical mechanisms of ion beam mixing in solids are not very well understood and 
several explanations have been proposed for the observed phenomena [2.2]. A  review of 
quantitative experiments for investigating the mechanisms of ion beam mixing has been 
recently made by Paine and Averback [2.3]. Generally the mechanisms contributing to 
mixing phenomenon are complex and many, but two basic processes can be broadly
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underlined. These involve atomic rearrangement both during and after the cascade of 
moving particles initiated by the energetic ion has passed through the solid. The first of 
the two processes is a disordering mechanism controlled by the collisional kinetics of 
atoms and the second one is an ordering mechanism controlled by the thermodynamic 
properties of the species under study.
Thus when a solid is irradiated with energetic particles many target atoms are displaced 
from their lattice sites. Computer simulation [2.4 - 2.6] of ion irradiation of solids gives 
an insight into the atomic displacement processes in irradiated materials. Codes based on 
the binary collision approximation can trace the path of an energetic atom as it undergoes 
a number of collisions with the target atoms before coming to rest within the solid. I f the 
energy of the incident particles is sufficiently high, then as the cascade develops the 
energy of the primary recoils will decrease until they are produced with just a few keV. 
Up to this stage the distance between the primary recoils can be considered to be large 
and therefore each recoil can generate its own cascade. Within these cascades some of the 
target atoms may get enough energy to be dislodged from their lattice sites to form 
secondary recoil atoms. These secondary recoil atoms would in turn generate additional 
secondaiy recoils and the process will continue until energy falls to below a few hundred 
eV. At this point the binary collision approximation begins to break down as the 
interaction radius of the moving particle increases to include more than one stationary 
particle and so many-body collisions become important.
Molecular dynamic simulations show that at low energies the atoms do not recoil far 
away from their lattice sites and in fact tend to displace their nearest neighbour [2.7] 
within a few atomic lengths. It has been found that the energy distribution of the 
secondaiy recoils varies approximately as the inverse square of their energies [2.8]. 
Therefore most of them tend to have lower energies and consequently move mainly to
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their nearest neighbour positions rather than recoil far away from their original lattice 
sites. This is supported by an investigation carried out to study the near* surface effects of 
cascade mixing using a multiple interaction simulation computer code [2.7]. In this 
computation 5 keV argon ions were incident on the surface of single crystal copper and it 
was found that 90% of all moved atoms recoiled forwards or backwards by only one 
layer and 70% of all recoil atoms were displaced to then nearest neighbour positions.
As the cascade progresses and the energy eventually falls below a few eV, no additional 
point defects can be created. At this instant the high density of defects produces a severe 
strain and disorder in the lattice, causing it to spontaneously relax. Molecular dynamics 
shows that within one picosecond the close self interstitial atoms and vacancies 
recombine [2.9]. This stimulates a diffusive motion or mixing which leads to a further 
recombination of Frenkel pairs.
In the early stages of the cascade the number of Frenkel pairs increases rapidly and many 
atoms are displaced from their lattice sites. This is followed by a relaxation phase in 
which close Frenkel pairs spontaneously recombine. Finally the Frenkel pair number is 
further reduced by the stimulated diffusive motion of the remaining point defects. This 
final phase of the cascade relaxation is often referred to as a thermal spike [2,10]. Thus a 
heterogeneous cascade model for ion beam mixing can be constmcted by dividing the 
cascade evolution into three distinct phases, i.e. displacement, spontaneous relaxation and 
thermal relaxation.
2.3 RECOIL MIXING
A  thin metal coating deposited onto a substrate can be mixed with the substrate atoms by 
implanting with energetic heavy ions [2.11]. Due to implantation the surface target atoms
7
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can acquire high energy and may recoil into the substrate. This phenomenon is called 
recoil implantation and the structural change brought about in the target is termed "recoil 
mixing".
Recoil implantation is essentially a single collision process in which momentum is 
transferred in the forward direction and the atomic displacements are anisotropic. In 1969 
Nelson [2.12] considered recoil implantation of a very thin layer on a thick substrate. In 
his calculation he estimated the "recoil yield" which is the number of recoil atoms from 
the thin film into the substrate per incident ion, He assumed an inverse square potential 
and calculated recoil ranges by LSS theory [2.13].
At about the same time as the work of Nelson described above, a theory was developed 
by Sigmund [2.14] on forward sputtering of a thin foil and in essence the conclusion of 
this theory is the same as that of Nelson’s, i.e. the recoil yield is proportional to the 
maximum energy transferred in the elastic collision process. Later in 1978 Fischer et al. 
[2.15] used Sigmund’s theory [2.14, 2.16] to give another model of recoil implantation. 
More recent investigations of recoil mixing are by Besenbacher et al. [2.17] and by 
Banwell et al. [2.18]. These studies have shown that the maximum depth of the recoiled 
atoms corresponds to their projected range if they are assumed to recoil from near surface 
regions by direct collisions.
2.4 CASCADE MIXING
Cascade mixing is a process in which the net displacement of the target atoms is due to a 
number of small energy transfer collisions and hence small displacements (~ 10A) in 
random directions. Unlike recoil implantation these collisions have a higher probability 
of occurrence due as described earlier to the he2 probability distribution of the energy of
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the secondary recoils, and also, as they are from lower energy collisions they are more 
likely to be isotropic and so there is an equal probability of momentum transfer in all 
directions giving a random walk nature to atomic displacement. This suggests a forward 
and backward displacement of atoms, and a lot of experimental evidence exists to support 
this [2.19, 2.20]. Also theoretical [2.21 - 2.24] and numerical [2.25] computer simulations 
have been done by many people to derive a relationship between the various factors 
involved in cascade mixing.
In marker experiments, mixing is depicted by a broadening in the original profile and this 
can be characterised by an effective diffusion coefficient which is proportional to the 
incident ion flux and the deposited energy. The first evaluation of the effective diffusion 
coefficient was given by Haff and Switkowsky [2.22], but then* model had difficulty in 
estimating a good average value for the mean free path between successive collisions and 
the volume of the cascade. An estimate of mixing observed during sputter profiling 
measurements was given by H.H. Andersen [2.24]. In this model an estimate of mixing at 
a depth was made by eroding the surface up to that depth, and hence the estimates were 
not direct. A  relationship between the parameters of Andersen’s model and Haff and 
Switkowsky’s model was given by Carter et al. [2.26], but a direct estimation of mixing 
at a depth was given by Tsaur et al. [2.20]. Their fonnula has been widely used for an 
estimate of cascade mixing below the surface. The value of diffusion coefficient Dt(x) is 
given as:
0A2Fd§ < r2 >
Dt(x) =
6N;Ed
where FD -  Deposited energy density 
<r2> = Mean square displacement
9
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N{ as Atomic density
Ed ss Displacement energy
(]> = Irradiation fluence
An estimation of mixing at a depth was also given by S.Matteson et al. [2.27]. They 
estimated the total number of displacements suffered by an atom in time "t" by using a 
jump attempt frequency. An estimation of jump attempt frequency was obtained from the 
transport theory of Sigmund [2.16]. Unlike the model of Tsaur et al. this model had only 
one fitting parameter i.e. the energy required for atomic displacements.
2.5 DOSE DEPENDENCE
The dose dependence of mixing has been investigated for marker as well as bilayer 
configurations. In marker configuration the mixing parameter is characterised by the 
variance of the Gaussian profile. S. Matteson et al. [2.28] have experimentally established 
that the mixing parameter is proportional to the square root of the dose. Their 
experiments involved doses of 220 keV Rr+ ranging from 6.3x1014 to 2.0x1 O'6 ions/cm2 
using gennanium, antimony and platinum markers sandwiched between amorphous 
layers of silicon, see Fig. 2.1.
In bilayer configuration the mixing profile is given by the complimentary error function 
onto which is superimposed a long tail component from recoil implantation of the top 
layer into the substrate. The relative number of mixed atoms in the tail are small but their 
number increases with dose [2.17]. However, the component given by the error function 
is much larger, and like the marker configuration it also varies as the square root of the 
dose. This is supported by the work of M.B. Krupp et al. [2.29] who bombarded 190 keV
10
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A r  at different doses ranging between lxlO16 ions/cm2 and 5xl016 ions/cm2 into 250A of 
paladium deposited on a silicon substrate, see Fig. 2.2. This shows that mixing varies in 
the same manner for both marker and bilayer configurations. The dose dependence of 
mixing in all the above mentioned cases was conducted at or below Tc (<  300K), so that 
the measurements made were in the temperature independent regime as described later in 
section 2.7.
2.6 ENERGY DEPENDENCE
In the diffusion based model of cascade mixing by Haff and Switkowski [2.22], ion beam 
mixing has been shown to be linearly dependent on the energy deposited in atomic 
displacement. The energy deposited per unit depth can be approximated by v/Rp where 
"v" is the energy lost in nuclear stopping and "Rp" is the projected range of the ion [2.30]. 
The first experimental verification of this was done by Tsaur et al. [2.20], who irradiated 
a platinum marker in silicon with 300 keV xenon ions.
Later on S.Matteson et al. [2.28] deposited Ni, Ge, Pd, Sn, Sb and Au markers in 
amorphous silicon at depths of 200 to 600A and irradiated them with 50 to 300 keV Ne, 
Ar, Kr, and Xe ions to doses of lx l0u - lxlO17 ions/cm2 and found that mixing varied 
linearly with v/Rp. Linear dependence of mixing on deposited energy is also supported by 
the work of M.B. Krupp et al. [2.29]. A  wide variety of markers in different hosts, for a 
series of ions were examined by Nicolet et al. [2.31]. They plotted mixing in units of 
atoms/cm2 versus deposited energy density and found that linear relationship was 
consistent in all the cases.
12
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Fig. 2.2. DOSE DEPENDENCE OF THE NUMBER OF SILICON ATOMS INTERMIXED 
IN THE SUICIDE LAYER OF PdSi SAMPLES. (Ref. 2.29).
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2.7 TEMPERATURE DEPENDENCE
The process of ion beam mixing generally shows no dependence on temperature below 
80K but above a certain critical temperature it shows a variation with temperature [2.32]. 
For most systems this critical temperature varies between 160K and 470K [2.33], but in 
some systems like tungsten markers in aluminium and gold markers in Si02 ion beam 
mixing has been found to be independent of temperature even up to 500K [2.34]. Above 
the critical temperature mixing increases or decreases with rise in temperature. For 
example it increases in the case of antimony markers in aluminium [2.35] and decreases 
for nickel markers in silicon [2.28].
Since ion beam mixing has been found to be independent of temperature up to 80K in all 
the investigated systems, it would appear to rule out self-interstitial atoms as a case of 
mixing, because self-interstitials are mobile well below 80K. R.S. Averback [2.8] has 
explained this by pointing out that the majority of the point defects recombine or undergo 
clustering reaction within the life time of the cascade relaxation and only a few isolated 
self-interstitial atoms are free to migrate. Even these few remaining self-interstitial atoms 
are stopped from long-range migration if the dose is high, because higher doses produce a 
higher concentration of defect clusters which act as traps for the self-interstitial atoms.
2.8 MIXING WITH DEPTH AS A FUNCTION OF ANGLE OF INCIDENCE
The effect of angle of incidence on ion beam mixing [2.36] has been investigated by 
extending a geometrical theory which describes the variation of sputtering yield as a 
function of angle of incidence 0 [2.37], It is shown that the effect of truncating a collision 
cascade at a surface, termed an "incomplete collision cascade" and anisotropy in the
14
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distribution of the primary recoil distribution in the cascades, could be responsible for 
determining S(0).
The model is explained by dividing the cascade into a high energy group and a low 
energy group of recoils as shown in Fig. 2.3. A  high energy group is formed by the ion 
and its primary recoils and the anisotropy is created due to the large density of 
trajectories in the direction of incidence. The anisotropy is expressed as a polynomial in <j> 
and the degree of anisotropy depends on the power "i" of <j>, where (j> is the angle between 
the direction of incidence of a particle and the trajectory which the particle generates 
[2.38]. A  low energy group of recoils is created at the end of a high energy group and is 
considered to be isotropic and confined to a spherical volume about the point where a 
high energy trajectory terminates. The ranges <R0> and <Rt > of the high energy and the 
low energy groups are related by
<R0> ~ a < X s> (1)
<R X> = b < X s> (2)
where <XS> is the mean depth for the generation of cascades that result in sputtering 
[2.37]. An upper bound on the value of <Xj> has been set by
<XS> < <R0> + <R X> (3)
and equations (1) and (2) give the condition a+b> 1, [2.37]. Using these mathematical 
conditions the sputtering yield has been found by considering an ion entering into a 
surface at an angle of 0 see Fig. 2.4. The ion creates a collision cascade, of which three
15
Fig. 2.3. A CROSS-SECTION SHOWING THE HIGH ENERGYGROUP., ,. 
(<R<>j AND THE LOW ENERGY GROUP (<R, >) FORMED 
BY AN ION BOMBARDING THE SURFACE AT AN ANGLE 
© AND PENETRATING UPTO <X^ >, THE MEAN DEPTH OF 
CASCADES FOR SPUTTERING TO OCCUR.
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Rg.2.4. A THREE DIMENSIONAL REPRESENTATION OF THE GEOMETRICAL
MODEL SHOWING THE INTERCEPTION OF THE SECONDARY KNOCK-ON 
DISTRIBUTIONS WITH THE SURFACE AT AN ANGLE OF 0 FOR THREE 
COMPONENTS. (Ref. 2.37).
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high energy recoil groups at angles <)> = <j>' = are shown in Fig. 2.4. A  fourth component 
coming out of the plane of the paper is also considered, but has not been shown. These 
groups have projections on the surface which are tenned as down slope, up-slope and 
sideways. At the end of each high energy group trajectory, the isotropic low energy group 
fonns a spherical volume of radius </?,>. The areas of intersection of such spheres with 
the surface is a measure of the sputtering yield, which can then be expressed 
mathematically in the form of integrals [2.37]. This geometrical theory of sputtering has 
been extended to investigate the behaviour of interface mixing as a function of angle of 
incidence [2.39].
The theory was experimentally tested by a marker technique for a single marker at a 
depth of 33nm. Good agreement between the experimental and theoretical results was 
found. A  computer model to solve the integrals showed that the mixing parameter reaches 
its maximum at different angles of incidence depending upon the depth at which the 
interface is considered. When the interface is considered around the damage range then 
mixing maximises at normal incidence but when the interface coincides with the surface, 
the mixing parameter approximates the sputtering yield.
18
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3.1 INTRODUCTION
This chapter gives a resume of the experimental techniques used during the course of this 
research work. The first part describes the necessary details related to the basic concepts 
and theoretical background of the techniques used, namely, RF sputter deposition, ion 
implantation, and Rutherford Backscattering Spectrometry. The second part of the 
chapter gives an account of sample preparation followed by the experimental and analysis 
procedures employed.
3.2 BACKGROUND TO EXPERIMENTAL PROCEDURES
3.2.1 RF sputtering
Introduction
The sputtering phenomenon has been known since 1852 [3.1] and has been extensively 
used for deposition of films [3.2, 3.3]. Numerous experimental and theoretical 
investigations on the process of sputtering have been published in the literature [3.4, 3.5], 
and several workers have reviewed [3.6, 3.7] the practical application of the sputtering
PROCEDURE AND EXPERIMENTAL TECHNIQUES
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process to thin film deposition. Sputtering can be termed as the ejection of material from 
the surface of a target which is bombarded with energetic particles. A  sputtering 
threshold exists between 5 and 25 eV for most metals, the lower limit being set by the 
sublimation energy. The sputtering yield [3.8, 3.9] is a measure of the efficiency of the 
ejection process and is defined as the number of target atoms ejected per incident ion. 
The sputtering yield is dependent on a number of factors [3.10] like target mass, ion 
mass, ion energy, angle of ion incidence, atomic number of target, crystallinity of the 
target and target temperature. The sputtered species (see Fig. 3.1) consist of charged 
particles and also neutral particles in the form of single atoms, molecules and clusters of 
molecules [3.11].
RF sputter deposition
The thin film matrices used for experiments in chapters 4 and 5 were deposited by RF 
sputtering. With RF sputtering the target material may be either a conductor or an 
insulator. The atoms ejected from the target travel to the substrate and get condensed on 
it. On their way to the substrate the sputtered atoms suffer collisions and the probability 
for this depends on the mean free path. As the mean free path is inversely proportional to 
the pressure, the pressure in the chamber is not increased beyond 20X10-3 Torr otherwise 
the sputtered atoms collide with the gas atoms and return to the target.
The bombarding particles are provided by creating a plasma due to the RF breakdown of 
the gas at 5.5X103 Torr and applying a high negative voltage to the target. In case of 
metal targets the RF power is coupled through a capacitor. This prevents a DC current 
from flowing in the circuit and also allows the cathode to build up a negative bias which 
is necessary for sputtering to occur. Sputtering is enhanced by superimposing the RF with
20
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Fig. 3.1. SPECIES IN SPUTTERING
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a DC bias. This is made possible by using an inductor and capacitor as shown in Fig. 3.2. 
The capacitor protects the RF power supply by blocking the DC, while the inductor 
protects the DC power supply from the RF source. A  big advantage of using RF is that 
insulators can also be sputtered. DC sputtering of insulators is not possible because 
positive charge builds up on the surface of the target and repels the bombarding ions. 
This problem can be solved by neutralising the insulator surface periodically with 
electrons during the positive-half of the RF cycle. The probability of the electrons for 
reaching the target during the positive-half of the RF cycle is high because they are 
lighter and more mobile than the ions.
As the electrodes carry RF and are also in vacuum, their non-active surfaces have to be 
provided with an earthed shielding so that a discharge is prevented from striking in 
unwanted regions. This is necessary to stop the occurrence of sputtering in unwanted 
areas and also to protect the insulators from getting coated with metal and causing an 
electrical breakdown.
The RF supply must transfer maximum power to the sputtering system, otherwise power 
will be reflected back into the source. For this a tuning unit is used to match the input 
impedance of the sputtering system with the output impedance of the supply. The tuning 
unit is basically a set of coils which form an RF transformer coupled to the supply 
through a filtering network, see Fig. 3.2. The working of this unit can be explained by 
reducing the system to its equivalent network. The equivalent circuit of the blocking 
capacitor, sputtering electrode and the glow discharge reduces to a single lossy capacitor. 
Thus the whole system reduces to an L-C network with a resonant frequency of 1/2WLC. 
As the C value changes with variations in the glow discharge, the L value must be 
adjusted to maintain the resonant frequency, which in this case is 13.5 MHz. The L value 
is adjusted by the help of the tuning coil. At resonance the impedance looking into the
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input is purely resistive and in order to match it with the output impedance of the RF 
supply the coupling coil is tuned. The tuning is done repeatedly until reflected power 
settles down to zero. At this stage deposition of the film can be started by removing the 
substrate shutter and exposing the substrate to the sputtered atoms of tlie target.
3.2.2 Ion Implantation 
Introduction
Ion implantation is a technique in which fast moving positively charged ions are directly 
injected into a substrate to achieve specific chemical, electrical, mechanical or optical 
properties in selected regions of the substrate. It has proved its superiority over diffusion 
in integrated circuit technology because of the precise control which it offers over the 
doping level and the thickness of the doped layer. In addition it has good reproducibility 
and can be used for doping selected areas by masking procedures.
The collisional nature of ion implantation makes it a violent technique and being a 
non-equilibrium process it introduces crystalline disorder or radiation damage [3.12, 
3.13]. Often this radiation damage may be unwanted and is removed by an annealing 
cycle, but frequently it may prove beneficial. For example an interesting application of 
ion implantation is ion beam mixing where radiation damage can provide optical 
waveguides and novel metastable phases having important applications in semiconductor 
technology [3.14]. In this research work ion implantation has been used to study certain 
aspects of ion beam mixing by implanting argon ions into amorphous silicon films 
prepared by RF sputter deposition.
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When an accelerated particle enters a solid it suffers multiple collisions with the atoms of 
the host. This causes the ion to be deflected in random directions and it loses its energy 
by electronic and nuclear interactions until its energy falls below 20 eV. At this point the 
ion ceases to move and gets trapped [3.15] and any subsequent motion is due to slow 
thermal diffusion. The position at which an ion comes to rest in a target is dependent on 
factors like mass and atomic number of the target and the ion, the ion energy, and the 
degree of crystallinity of the target. I f the target is amorphous the ions of a monoenergetic 
beam will be stopped by a random process and the distribution of the implanted ions will 
have an approximately Gaussian shape [2.13]. This distribution is characterised by the 
average projected range rp, and its standard deviation Arp. A  number of calculations [3.16, 
2.30, 3.17] exist for estimating values of rp and Arp of a given ion in a specific target. In 
this work the Projected Range Algorithm (PRAL) [3.18] and SUSPRE [3.19] were used 
for estimating rp and Arp. The impurity concentration N(x) at a depth x from the surface 
when implanted with ND atoms/cm2 is given by
Ion Implantation phenomenon
( x - R +  <3 1 >
2 A r f  7
In single crystal targets the range of ions is quite different because the target atoms are 
regularly spaced and the ions can travel distances greater than Rp if they are directed 
along one of the major crystallographic axes or planes. In such a case the ions are said to 
be channelled [3.20] and are steered by the potential walls created by the rows and planes 
of the lattice atoms [3.21, 3.22], The channelled ions suffer a lower rate of energy loss 
and the dominant mechanism for energy loss is electronic collisions even at low energies.
25
Chapter 3
Nuclear collisions can still occur with interstitial ions or sites where defects exist within 
the crystal. Ions may also get dechannelled and the final distribution is characterised by 
an extended tail of the Gaussian ending in a secondary peak where the ion dechannelled. 
Channelling may be avoided by tilting the target with respect to the beam in a 
non-channelling direction so that the target appears as amorphous. Implantation damage 
in semiconductors may be removed by heating the implanted material up to its 
recrystallization temperature for a specific time in an oven. Recent alternative techniques 
are electron beam heating, ion beam annealing and pulsed laser beam annealing [3.23].
The 500 keV Implanter at Surrey
The 500 keV accelerator with a Nielsen type gas source held at a high DC voltage is used 
for making the implants. A  schematic of the accelerator is shown in Fig. 3.3. The ion 
beam is extracted from the source through an aperture held at a negative DC voltage and 
is then focussed by an Einzel lens [3.24]. After this the ions are accelerated in the 
acceleration tube which has a voltage gradient built across it by means of a chain of 
resistors. The high energy beam is then made to pass through a sector magnet. This 
deflects the beam through 90 degrees such that the particles having the same momentum 
move along the same radius. As the accelerating voltage is constant, the particles of 
identical charge and mass are bent along the same path. Having obtained this mass 
resolution the beam is passed through a slit which is adjusted so that only ions of the 
desired mass are allowed to pass through. Then the beam is raster scanned by a sawtooth 
waveform applied to a set of X and Y  electrostatic deflection plates. This ensures that the 
beam fully scans across the aperture placed in front of the sample. Also the frequencies of 
the waves are adjusted to get a uniform scanning over the sample. A  DC voltage is
26
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The beam current is monitored by displaying the current between the sample and earth on 
a microammeter. The current displayed by the microammeter helps to set up the implant 
conditions and also to monitor the stability of these conditions during the period of 
implantation. A  suppression voltage of -300 volts is applied to a suppression plate placed 
in front of the sample. This negative voltage repels the secondary electrons back to the 
sample and minimises an error in the dose. A  current integrator is used to measure the 
implanted dose and the beam is automatically shut off by a pneumatically operated 
gatevalve when a preset charge corresponding to the required dose is reached.
Uniformity of the implanted dose is achieved by electrostatic scanning of the beam with a 
high frequency modulated sawtooth but good focusing for a unifonn beam density is also 
important [3.15]. Error in dose measurement is mainly due to secondary electrons and 
fast neutrals. Suppression of secondary electrons is done with the help of a voltage 
supplied to a cylindrical aperture between beam defining aperture and target and in 
addition to this the input impedance of the beam monitoring circuit is kept low to avoid a 
build up of charge on the target surface. Fast neutrals are produced when ions capture 
electrons without much loss in velocity due to inelastic charge exchange collisions. The 
neutrals contribute to doping but are not registered by the current integrator and result in 
a high dose. Removal of neutrals on the 500 keV implanter is achieved by 
electrostatically deflecting the beam after the magnet and adjusting the magnet current to 
align the beam.
superimposed on the raster scanned signal to align the beam.
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Introduction
Nuclear Backscattering or the scattering of ions by the Coulombic field of an atom was 
first investigated by Rutherford in 1911 [3.25] and now it is a powerful tool for 
non-destructive material analysis in the upper micron region. When the target is 
bombarded with MeV (typically 1-2 MeV) protons or a particles a small fraction of the 
incident particles is backscattered due to elastic "billiard ball" type collisions with the 
target atoms. These backscattered particles characterise the concentration and depth 
distribution of elements in the surface of the target. I f the target is crystalline and the 
incident ion beam is directed along a major crystallographic axis the backscattering yield 
falls due to ion channelling. Any region of lattice damage will result in a proportionate 
increase in yield from that region. This gives a measure of the depth distribution of 
damage and also the location and concentration of impurity atoms in the host.
Over the years the theoretical background and mathematical analysis pertaining to 
backscattering Spectrometry, has been well documented [3.26, 3.27]. A  summary of 
some essential concepts and fonnulae is being given in a later section as they are 
necessary for interpreting the experimental data.
RBS Analysis system
RBS at the university of Surrey is done by using a particles or protons accelerated up to 
an energy of 2 MeV in a Van de Graaff accelerator. In the present work helium ions 
generated in an ion source are accelerated to 1.5 MeV. A  sector magnet separates out the
3.2.3 Rutherford Backscattering Spectrometry.
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helium ions and the beam is collimated to a divergence angle of less than 0.2 degrees at 
the target. Just before entering the chamber the beam spot has a diameter of nearly 1mm. 
The beam line pressure is about 5xl06 Torr. The samples glued on a stainless steel plate 
with silver paint are mounted into the carriage of a three axis goniometer. The carriage is 
designed to connect the backing plate to a sensitive current integrator for monitoring the 
beam current, which in our case is typically less than 10 nanoamps. A  suppression 
voltage of -200 volts is provided to suppress the secondary electrons emitted from the 
specimen due to the impact of the beam. The backscattered particles are collected by a 
surface barrier detector biased negatively to 75 volts and placed at an angle of 160 
degrees to the incident beam. The detector solid angle is about 2.25 millisteradians. The 
output of the detector is a charge pulse proportional to the energy of the backscattered 
particles. This charge pulse feeds into a pre-amplifier and is converted into a voltage 
pulse with amplitude proportional to the charge pulse. The voltage pulse is shaped into a 
nearly Gaussian pulse by a pulse shaping amplifier and these pulses can be observed on 
an oscilloscope and are also fed to an analogue to digital converter. The output of the 
ADC is stored in the computer memory at a location depending on the height of the 
pulse. Thus pulses of identical height are sent to specific locations which ar6 termed as 
channel numbers. Hence the device is called a multichannel analyser and in this case is a 
Sun computer. The total number of channels is determined by the degree of resolution 
and the total number of counts which can be obtained. This system has 512 channels and 
the resolution is measured to be 12.2 keY, the channel width being about 3.081 keV. 
Typical values of energy resolution using silicon detectors are usually given as 12 keV 
[3.28, 3.29]. Each input pulse increments by one the contents of the counter attached to 
the memory and a plot of the number of counts versus the channel number gives the RBS 
spectrum.
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The energy spectrum of the ions backscattered from a target is interpreted on the basis of 
a few basic concepts which are described in detail in the literature [3.30, 3.31]. Each of 
these concepts is a root to the overall potentiality or limitation of RBS and it is necessary 
to summarise them here in order to illustrate how the measurements have been made and 
how useful information is extracted from the experimental data. The specific physical 
phenomenon which will be described here are mass analysis, depth analysis, probability 
of collisions and resolution of mass with depth.
Mass analysis (Kinematic factor)
The phenomenon of mass analysis is based on the concept of a kinematic factor. When a 
projectile of mass m  and energy E, elastically collides with a stationary target nucleus of 
mass M  it transfers momentum to it. I f a nuclear reaction does not occur, then 
conservation laws enable us to determine the energies of the recoil target atom and the 
projectile scattered at an angle 0, see Fig. 3.4. The ratio of the initial energy E{ of the 
projectile to the final energy Ef after it is scattered is termed as kinematic factor. 
Mathematically the kinematic factor is given as
Basic concepts in RBS analysis
E
Ei
rnCos 0 + VM2-m 2Sin20N 2 
(m + M ) (3.2)
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Fig. 3.4. SCHEMATIC REPRESENTATION OF AN ELASTIC COLLISION BETWEEN 
A STATIONARY TARGET ATOM OF MASS M AND A PROJECTILE
OF MASS m AND ENERGY E,I ’
Fig. 3.5. DIAGRAM SHOWING BACKSCATTERING FROM THE SURFACE AND DEPTH "t".
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For known values of m,0, and the product KEt gives the energy of the particles
edge of the signal for this target. From Eqn.(3.2) we see that for a given projectile and 
scattering angle the kinematic factor is independent of the projectiles energy.
Depth analysis (Stopping Cross Section)
When a projectile moves through a target it continuously loses its energy to the electrons 
of the target atoms by ionisation/excitation and also by soft nuclear collisions. At any 
instant when the projectile suffers a hard collision it is backscattered and moves along an 
outward path until it emerges at the surface. The energy lost by the projectile on its 
inward and outward journey is characteristic of the depth to which it penetrated.
Fig. 3.5 shows two projectiles, one backscattered from the surface and the other 
backscattered from a depth t. The backscattered energy of the first projectile which is 
scattered from the surface is given as KE{, and the second projectile which is scattered 
from a depth t emerges out with a fixed energy Ee. The difference between the energies of 
these two backscattered projectiles is
The energy of the second projectile at the depth t just before scattering is En such that
backscattered from the surface of a target of mass M  and fixes the location of the surface
AE = K E ; - E e (3.3)
(3.4)
The final energy Ee with which the second projectile emerges is given by
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E.. f= KE,~
Jo
1cffi 
dX
dX (3-5)
Eqn.(3.4) and (3.5) show that the energy loss is a function of both energy and depth. 
Hence eqn.(3.3) can be rewritten as
AP1 f ^ d E
A E = K \  —  d
Jo ctX Jo dX (3.6)
N E = K
r  ^
t dE I
cos0x<£Y| f
C O 3 0 .
/  \  
t dE | 
cos02dlXl >
cos
(3.7)
where dE \ dE t
-  ~7Cr evaluated at ----—dX | , dX cosOj
Since eqns.(3.4, 3.5 and 3.6) are line integrals and dE/dX is a function of the energy at the 
point x on the line therefore the evaluation limits t/CosQj and t/Cos% can be changed to Et 
and KEt respectively. Thus eqn.(3.7) becomes
AE =
K  1 dE\ x
dEdX 7 H------ r—— 7 t
cos 0X \E[ cos 02 dX \KE' (3.8)
I f dEldX is small then eqn,(3.8) can be expressed linearly as
AE = [S]t (3.9)
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where _  K dE\ 1 dE |
cos 0i dX \E' cos 02 dX \KE'
[5] is termed as the energy loss factor and is found to change slowly and smoothly as a 
function of energy and depth. Usually energy loss dE/dX is expressed in units of eV/A or 
MeV/pm but as depth is often expressed as number of atoms per unit area therefore 
energy loss is expressed as dE/NdX. The quantity dE/NdX is tenned as stopping cross 
section [ 6 ] [3.32] and eqn.(3.9) can be rewritten as
AE = [e]M (3.11)
Then from eqn.(3.10) the stopping cross section factor can be expressed as
[e ]  =  - ^ r ( e ) |  + - U ( e >cos 0j [g cos 02 K  (3.12)
If the film is thin then one can assume that very little energy is lost by the projectile on its 
inward and outward journey and consequently Et ~ E.. This is known as surface energy 
approximation and using this approximation eqn.(3.12) can be expressed as
(3.13)
However, when the path length of the projectile becomes appreciable a better 
approximation called "mean energy approximation" is used, and even a still better 
approximation can be made by iterative methods [3.26]. In the present work 1.5 MeV
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helium ions were used and values of stopping cross section were obtained from a 
computer programme called STOP. The values given by this programme are based on the 
semi-empirical tabulations by Ziegler and Chu [3.33].
In the case of compound targets like those fonned in ion beam mixed systems, Bragg’s 
rule is used. This rule was postulated by Bragg and Kleeman [3.34] and assumes the 
principle of additivity of stopping. Mathematically it is expressed as
(3.14)
where eA = stopping cross-section of element A.
eB = stopping cross-section of element B.
eAB = stopping cross-section of compound AB. 
p = atomic concentration of element A in AB. 
q = atomic concentration of element B in AB.
The ratio p/q can be evaluated from the RBS spectrum [3.35] and is given as
P
<1
(3.15)
where \Ya = Total integrated RBS yield of element A.
fYb -  Total integrated RBS yield of element B. 
<yA = Backscattering cross-section for A.
<yB = Backscattering cross-section for B.
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Eqn.(3.15) is useful in determining the composition of the phase formed by two elements 
in an ion beam mixed region and has been extensively used in chapter 6. It is useful to 
use e because it is on the atomic scale and Bragg’s rule which is used in compound 
targets is also based on atomic scale. Besides 8 is independent of density and is well 
characterised.
Probability of collisions (Differential Scattering Cross-Section)
The differential scattering cross-section da/dQ is based on the Rutherford scattering 
fonnulation [3.25] and it gives the probable yield of backscattered particles in a given 
setup for a given number of scattering centres in the target. The differential scattering 
cross-section for coulombic scattering is written as
d o
dQ,
7Z,Z2e2) 2 4 N l  -((m/M)sinffi+cose}2
V
4 E sin4 6 ?1-((m/M) sinO)2 (3.16)
where Zx = atomic number of projectile.
Zj = atomic number of target.
E = Energy of projectile just before scattering.
0 = Laboratory scattering angle. 
m -  Mass of the projectile.
M ~ Mass of the target.
If the projectile is very small i.e. m «M  then eqn.(3.16) can be approximated to
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From eqn.(3.17) it is apparent that the backscattering yield increases for projectiles with 
light atomic numbers and for a given projectile the heavier targets are better scatterers. 
Also the yield varies as he1 and thus it increases rapidly for slowly decreasing projectile 
energy. Similarly a rapid increase in yield is observed if the scattering angle is decreased. 
The use of lower energy and heavier mass ion beams in Rutherford backscattering 
Spectrometry, for improved yield and sensitivity is well known [3.36, 3.37] however, 
there are some special cases where the differential scattering cross-section deviates from 
the Rutherford fonnula. For example in the case of very low energy projectiles falling on 
heavy target atoms a modification for electron screening needs to be made by selecting a 
suitable potential like the Bom-Mayer potential. Similarly for very high energy 
projectiles the short range nuclear forces begin to get effective and deviations from the 
Rutherford fonnula occur.
Resolution of mass with depth (Energy straggling)
When a beam of incident projectiles passes through a homogeneous target a statistical 
fluctuation is found in their energies after they have travelled through some thickness t, 
This is because each projectile has its own individual encounters with the target atoms 
and the energy loss of each projectile becomes different. This statistical spread in the 
energy loss is tenned as energy straggling and it puts a limit to depth resolution when 
thickness and mass measurements are made. An expression for energy straggling was 
derived by Bohr [3.38] and is given as
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Q * 2 =  47c(Z1e 2) iV Z 2f
(3.18)
where Q* = Standard deviation of the energy broadening.
Zj = Atomic number of the projectile.
Z2 = Atomic number of the target. 
t = thickness travelled through the target.
N  = Volume density of the target.
In the case of a compound target having two elements A and B with atomic 
concentrations p and q respectively the energy straggling [Q*2]^ using eqn.(3.18) is given 
as
[fl*2]^  = 4K(Zle1fN AD(pZA + qZB)t (319>
where ZA = Atomic number of target A.
ZB = Atomic number of target B.
Nm = Volume density of compound target.
Kinetics of phase formation in an ion beam mixed region
When a layer of material is deposited on a substrate and the interface is mixed by an ion 
beam, RBS can make it possible to gain considerable insight into the processes occurring 
in the mixed region. In order to illustrate this in a vivid manner schematic diagrams are 
being used here instead of actual RBS data. However, real RBS data is presented and
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analysed in detail in chapter 6, where mixing at the interface is investigated.
Fig. 3.6a shows the diagram of an RBS spectmm for a heavy metal film deposited on a 
silicon substrate. The front edge of the metal signal corresponds to the metal surface and 
the steep back edge shows an unmixed interface. The flatness at the top of the metal 
signal indicates a uniform film of finite thickness and the slight tilt at the top is due to 
increase in the scattering cross-section with energy loss. The edge of the silicon signal is 
displaced to a lower energy because of energy loss through the metal film. Fig. 3.6b 
shows the changes which would occur when the metal/silicon interface is fully mixed by 
an ion beam. The front edge of the metal in the metal-silicide remains unaffected but the 
peak height drops because the metal is now diluted with silicon. Although the metal peak 
in the metal-silicide is now wider than before the two areas will not be the same because 
the metal surface will get eroded due to sputtering.
Because of the silicon in the metal-silicide the silicon signal shows a "foot” projecting 
right up to the silicon surface edge. The stoichiometry of the metal-silicide can be 
obtained by using eqn.(3.15) for the cross-hatched area in Fig. 3.6b. A  situation may exist 
where the entire metal film might not get mixed. This is depicted in the inset of Fig. 3.6c. 
In such a situation the RBS spectrum shows the metal peak at full height near the surface 
but the peak height drops where the metal is diluted by the silicon in the mixed region. 
The silicon signal shows a foot but the foot does not project up to the silicon surface 
edge.
Another mixing process such as the one shown in the inset of Fig. 3.6d may occur. This is 
the case where silicon quickly diffuses to the surface of the metal by moving along its 
grain boundaries, and initially only some of the metal reacts to form a silicide. In such a 
situation the RBS spectrum shows a small decrease in the height of the metal peak and 
also a broadening out. The silicon signal shows a foot projecting up to the silicon surface
Silicon edge Silicon surface Metal edge
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Backscattering energy (Channel Number)
Fig. 3.6a. SCHEMATIC REPRESENTATION OF A BACKSCATTERING SPECTRUM 
FOR A METAL LAYER ON SILICON.
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Fig. 3.6b. SCHEMATIC SHOWING BACKSCATTERING SPECTRA OF A METAL 
LAYER ON SILICON BEFORE MIXING AND AFTER BEING FULLY 
MIXED.
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Fig. 3.6c. SCHEMATIC SHOWING BACKSCATTERING SPECTRA OF A METAL
LAYER ON SILICON BEFORE MIXING AND AFTER BEING PARTIALLY 
MIXED.
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Fig. 3.6d. SCHEMATIC SHOWING BACKSCATTERING SPECTRA OF A METAL
LAYER ON SILICON BEFORE MIXING AND AFTER MIXING IN A REACTION 
LIMITED CASE.
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edge and the foot slowly grows in height as more and more silicon reacts with the metal 
to form a silicide. When all the metal has mixed with silicon the RBS profile approaches 
that of Fig. 3.6b. Once again the number of silicon and metal atoms involved in the 
mixed regions may be determined with the help of eqn.(3.15).
3.3 EXPERIMENTAL PROCEDURE
3.3.1 Deposition
Sample preparation for this research work involves deposition of thin silicon and metal 
films. The silicon films have been deposited for various thicknesses between 100 A and 
5000 A  and the metal films vary from ~ 30 A  Au/Ta markers to ~ 500 A  Ni/Fe films. 
Film deposition has been done by two techniques, namely RF sputtering and vapour 
deposition. RF sputtering has been used to fabricate the marker matrices, and vapour 
deposition has been performed to form the metal/silicon interfaces,
(a) Thin film matrix deposition by RF sputtering
Two inch silicon wafers are cleaned by boiling in methanol followed by a thorough wash 
in deionised water and subsequent drying using a nitrogen gun. The wafers are placed on 
a water cooled copper substrate in a Nordiko NM-2000 sputter depositor and covered 
with a shutter to prevent contamination while the chamber is being prepared for 
sputtering. Chamber preparation involves baking the chamber overnight at a constant 
temperature of 150° C and pumping it down to remove any gases and water vapour
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absorbed by the walls [3.39]. When the base pressure of the chamber reaches 5xl0*7 Torr 
a one hour run of titanium sputtering is done to getter any oxygen present in the chamber. 
I f  at this stage mass-spectroscopy of the chamber is carried out the typical values 
obtained for the partial pressures of some of the contaminants are given in Table 3.1. This 
table indicates that contamination due to background impurities is negligible.
When the chamber is ready the silicon target is positioned and 99.99% pure argon gas is 
let in using the appropriate needle valve so that a pressure of 5.5xl03 Ton* is reached. 
The RF power supply is switched on to 50 watts and the discharge is struck by closing 
the high vacuum valve for a few seconds. The power is then slowly wound up to 200 
watts and adjustments in the needle valve are made to stabilize the gas pressure at 
5.5xl0-3 Torr. The input power is tuned so that reflected power is nearly zero and 
sputtering is continued for an hour to clean the silicon target. Once the target is cleaned, 
the shutter is removed to deposit the silicon film. At an argon pressure of 5.5xl()-3 Torr 
and an RF power of 200 watts, the deposition rate for silicon is found to be 81 A/min. 
After the silicon film is deposited the wafer is removed to another RF sputter depositor 
(Edwards-5050) for depositing a gold marker of nearly 30 A. This deposition is done in a 
20xl0-3 Torr atmosphere of 99.99 % pure argon at 50 watts for 15 seconds. After the 
marker is deposited the wafer is again placed in the Nordiko sputter depositor and a 
silicon film of desired thickness is deposited as an overlay. In the case of tantalum 
markers the wafer is not taken out of the chamber as the tantalum target is available in the 
Nordiko NM-2000. Thus the matrix with the tantalum markers can be fabricated from 
start to finish without exposing the marker silicon interface to atmosphere.
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E L E M E N T P A R T I A L  P R E S S U R E  
(T o r r)
A r 4 . 8 x 1  O'9
H j O 2 . 2 x l 0 - 7
n 2 4 .4 x 1 0 - *
S i 8 .3 x 1 0 -®
o 2 1 .7 x 1 0 -®
C 2 , 8 x l 0 - 9
H * 2 .1 x 1 0 -*
TABLE (3.1). TYPICAL VALUES OF THE BACKGROUND PAR­
TIAL PRESSURES IN THE SPUTTER DEPOSITOR.
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Ni-Si and Fe-Si interfaces are fabricated by vapour deposition of the metal on a single 
crystal silicon wafer. Prior to deposition the wafer is first dipped for a minute in 40% HF 
and then thoroughly rinsed in deionised water and dried with a nitrogen gun. It is then 
quickly transferred to the vacuum chamber and placed face downwards on a frame so that 
it faces the evaporating boat/filament which can be screened off by a shutter. The metal 
to be deposited is placed in the filament and heated to its melting point by a 3V/100 
Amps. AC supply in a vacuum of 8x10-® Torr. On further heating the metal vaporises and 
condenses as a thin film on the silicon wafer. Tungsten filaments are used for evaporating 
both nickel and iron [3.40].
3.3.2 Ion imptantation procedure
All the implants were done on the 500 keV ion accelerator at the University of Surrey. A 
description of the implanter is given in section 3.2.2. Two types of specimen holders 
were employed for making the implants. The first one consists of a carriage upon which a 
steel plate with eleven inclined wedges is mounted. The wedges are inclined from 0° to 
90° in steps of 10° with an additional wedge at 85°, see Fig. 3.7. This arrangement is 
used in the experiments made in chapter 4, where implants have to be made at different 
angles of incidence for investigating the marker broadening as a function of the angle of 
incidence. Sample pieces measuring 1.5 x 0.5 cms. are cut from the wafer and mounted
(b) Vapour deposition of bilayer interfaces
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Fig. 3.7. SCHEMATIC OF THE SAMPLE PLATE.
Aperture
Implanted 
region —
Unlmplanted.
region
Samples (matrix)
Silicon wafer
Fig. 3.8. DIAGRAM TO SHOW HOW THE SAMPLES ARE MOUNTED.
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on the wedges with silver paint. The plate is then transferred to the carriage of the sample 
holder which is fitted with a 1 x 0.5 cms. aperture and a suppression plate. The position 
of the carriage is noted for each sample being in line with the aperture and then the 
sample holder is placed in the chamber of the implanter. The chamber is pumped down to 
a vacuum of nearly 5x1 O'7 Torr and the implanting conditions are set for a flapped beam 
current of 1.5 pAmps. The samples are then implanted with singly charged 100 keV 
argon ions to a dose of lxlO16 ions/cm2 and subsequently analysed by using Rutherford 
backscattering spectrometry.
The second specimen holder is a carousel which is capable of holding eighteen two inch 
diameter wafers. The carousel is used for the experiments made in chapter 5 and chapter 
6, where two or more samples had to be implanted simultaneously in order to maintain 
unifonnity of implants. For example, samples of Ni-Si and Fe-Si systems used in chapter 
6 needed to be implanted simultaneously so that implant conditions were identical and 
the two systems could be compared after the implant. When the carousel is used for 
implanting, the specimen are cut into pieces measuring 1.5x0.5 cms. and glued with 
silver paint on a silicon wafer as shown in Fig. 3.8. The wafer is clipped onto a stainless 
steel plate which is mounted on the carousel. The carousel is then loaded into the 
chamber of the implanter and when the chamber has been pumped down to a vacuum of 
nearly 5xl0 7 Torr, the implants are carried out. The samples can be arranged as shown in 
Fig. 3.8 such that a portion of each sample is left unimplanted for comparison later on. 
Also arrangement exists on the carousel for attaching a thermocouple close to the sample 
for measuring the temperature of the sample during implantation. For the implants made 
in chapter 5,150 keV A r  is used to implant doses of lxlO16, 2xl016 and 5xl016 atoms/cm2. 
However, for the implants made in chapter 6 the energies used are 300 keV and 100 keV 
and for each of these energies lxlO15, 2xl015,4xl015, 8xl015 and 2xl016 atoms/cm2 of argon
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In chapter 5 cold implants are also done using the cold implantation stage provided by the 
University of Sussex. This stage consists of a cold finger to which an oblong aluminium 
block can be attached. The samples can be mounted on the four faces of the block and an 
arrangement is provided to manually rotate the cold finger through 360° without breaking 
the vacuum, so that the relevant sample can be exposed to the ion beam. Provision also 
exists for attaching a thermocouple to the block for monitoring the sample temperature 
during implantation. A  thin layer of silver paint is used between the cold finger and the 
aluminium block and also for mounting the samples on the block.
3.3.3 Analysis
Rutherford backscattering spectrometry (RBS) analysis is carried out by 1.5 MeV helium 
ions accelerated in a Van de Graaff accelerator at the University of Surrey. The samples 
are analysed at normal incidence and at 40° tilted incidence. The detector is fixed at 160° 
to the helium beam and 60° to the target normal as shown in Fig. 3.9. From the RBS data, 
the marker signal, the silicon edge signal and the pulser signal are fitted with a joined 
half-Gaussian (JHG), and the fitting procedure [3.41] directly gives the position of the 
mode and the two standard deviations of the Gaussians which make up the JHG, The 
procedure also gives the standard errors of the estimates.
are implanted.
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Fig. 3.9. DIAGRAM TO SHOWTHE GEOMETRY OF THE PLATE, DETECTOR 
AND INCIDENT BEAM IN THE RBS SYSTEM.
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C H A P T E R  4
MIXING VERSUS ANGLE OF INCIDENCE WITH DEPTH
4.1 INTRODUCTION
Over the past few years the phenomenon of ion beam mixing has been investigated quite 
extensively [4.1 - 4.6]. Most of the investigations have been focused around tlie depth 
dependence of atomic mixing but very little work has been done to study the effect of 
angle of ion incidence on mixing. An investigation into this was made by Webb and 
Wilson [2,39]. They extended a geometrical theory of sputtering [2.37] and presented a 
model for the behaviour of interface mixing with depth as a function of the angle of ion 
incidence. The work presented in this chapter is aimed at experimentally determining this 
effect. Measurements of this kind promise an insight into the nature of interaction 
between ion beams and solid surfaces. A comparison of the detailed experimental 
information presented in this chapter with theory and simulation provides some 
clarification of the processes involved in ion beam induced mixing. The dependence with 
angle of incidence should provide some insight into the involvement of the target surface 
in changing the formation of cascades as at glancing angles the surface becomes very 
important whereas at normal incidence it is negligible.
The experiments in this chapter are performed by using a heavy metal marker 
sandwiched in a layer of amorphous silicon. The broadening and shifting of a marker
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profile under the influence of an ion beam is often used to investigate ion beam mixing 
[4.7, 4.8]. Since RBS has been used as the analysing technique, film thicknesses have 
usually been considered as the "stopping thickness" and expressed in terms of atoms/cm2. 
However, when it is necessary to quote the thickness in angstroms, an atomic density 
value of 2.34xl022 atoms/cm3 [2.36] has been assumed for the markers and a value of 
4.83xl022 atoms/cm2 [3.19] has been assumed for the silicon films.
4.2 EXPERIMENT
The objective of this experiment is to study the behaviour of mixing with depth as a 
function of the angle of incidence in amorphous silicon for an argon beam of constant 
dose and constant energy. Thus a dose of lxlO56 argon atoms/cm2 is selected so that 
appreciable mixing can be produced and at the same time high dose effects are kept to a 
minimum. The energy of the argon ions is chosen as 100 keV to obtain a relatively high 
sputtering yield. The angle of incidence of the argon beam varies between 0° and 85°. 
The target structure is shown in Fig. 4.1. It consists of a thin gold marker (average 
thickness 4,5xl015 atoms/cm2 ) buried in an amorphous silicon layer by sequential RF 
sputter deposition of silicon and gold onto onto a clean (100) silicon substrate. Thirteen 
different specimen are prepared with the location of the gold marker ranging from 
175xl015 atoms/cm2 to 870xl0t5 atoms/cm2 below the sample surface. The depths and 
thicknesses of the gold markers used in the experiment are given Table 4.1. Gold is 
selected as a marker because it has a high mass compared to silicon and also does not 
readily react with silicon to fonn a compound. In addition to gold markers tantalum 
markers are also used, to determine if the marker species have any effect on mixing. The 
depths and thicknesses of the tantalum markers used in the experiment are also given in 
Table 4.1.
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S i n g l e
c r y s t a l
s i l i c o n
A m o r p h o u s  i 
s i l i c o n
) A m o r p h o u s  
s i l i c o n
s u b s t r a t e u n d e r l a y o v e r l a y
1 0 0 k e V A r  i n c i d e n t  
a t  a n g l e s  v a r y i n g  
b e t w e e n  0 ° a n d  8 5 °
Fig. 4.1. SCHEMATIC OF THE MATRIX USED 
IN THE EXPERIMENT.
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MARKER
TYPE
DEPTH OF 
MARKER 
(atoms/cm*)
MARKER
THICKNESS
(atoms/cm*)
Au 175x10“ 4.6x10“
Au 198x10“ 4.5x10“
Au 215x10“ 5,1x10“
Au 230x10“ 4.8x10“
Au 290x10“ 5.0x10“
Au 314x10“ 4.2x10“
Au 358x10“ 4.4x10“
Au 401x10“ 4.5x10“
Au 435x10“ 6.8x10“
Au 508x10“ 5.1x10“
Au 561x10“ 4.4x10“
Au 600x10“ 4.2x10“
Au 870x10“ 4.4x10“
Ta 180x10“ 6.1x10“
Ta 192x10“ 5.8x10“
Ta 316x10“ 5.5x10“
Ta 361x10“ 6.2x10“
Ta 430x10“ 5.8x10“
Ta 610x10“ 5.2x10“
T A B L E  ( 4 . 1 ) .  A  T A B L E  O F  M A R K E R  T H I C K N E S S E S  A N D  D E P T H S .
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The implanted samples are analysed by RBS using a 1.5 Mev He+ beam at normal 
incidence and at 40° tilted incidence with respect to the surface normal. A  typical RBS 
spectrum is shown in Fig. 4.2. The single crystal silicon substrate signal can be 
distinguished from tlie amorphous silicon signal by the difference in yield. Also the two 
amorphous silicon layers in the matrix can be distinguished from one another by the 
energy loss through the gold marker. As the films are sputter deposited in an argon 
atmosphere the percentage of argon in the silicon films can be determined by RBS. From 
RBS analysis it is found that the silicon films have typically 6% - 7% argon in them, see 
Table 4.2.
The marker signal has an unsymmetric Gaussian distribution as shown in Fig. 4.3. When 
the marker peak is fitted with a joined half-Gaussian (JHG), and the non-Gaussian tail is 
truncated, a typical fit using the fitting routine [3.41] is given in Fig. 4.4. The fitting 
routine gives the position of the mode of the marker, the two variances and also the 
precision of the estimates, which are typically about 0.3 keV.
During implantation iron and chromium from the wedges and the base of the sample plate 
is sputtered off by the 100 keV argon beam and deposited on to the sample surface as 
contamination. This contamination gets significant for 70° beam incidence and above. 
The average value of contamination for 70° incidence is 7.0x10U atoms/cm2 and it 
increases to an average value of 5.9xl015 atoms/cm2 for 85° incidence see Table 4.3. This 
increase in contamination with angle of ion incidence is due to increase in exposure time 
of the sample with inclination of the wedges. The exposure time increases with 
inclination of the wedges because the areal density of the dose is kept constant. Below 
70° incidence the exposure time is small and also the geometry of the wedges prevents
4.3 MEASUREMENTS A N D  RBS SPECTRUM
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MARKER
TYPE
THICKNESS OF SILICON OVERLAY 
... (atoms/cm*©
% OF ARGON IN SILICON 
OVERLAY
Au 600x10“ 7
Au 435x10“ 7
Au 290x10“ 6
Ta 176x10“ 4
| Ta 316x10“ 7
Ta 430x10“ 6
T A B L E  ( 4 . 2 ) .  P E R C E N T A G E  O F  A R G O N  I N  T H E  A M O R P H O U S  S I L I C O N  
F I L M S .
SAMPLE
No.
NUMBER OF Fe/Cr ATOMS 
(atoms/cm1)
CORRECTION IN MODE 
(keV)
oOr- 80° 85° 70° 00 o o 85°
1 7.6x10“ 9.3x10“ 6 .2x 10“ 0.18 0,23 1.50
2 5.7x10“ 9.2x10“ 4,6x10“ 0.14 0 .22 1.11
3 6 .2x 10“ 8.0x10“ 5.9x10“ 0.15 0.19 1.43
j 4 7.5x10“ 1.4x10“ 5.9x10“ 0.18 0.34 1.43
5 7.0x10“ 9.6x10“ 6.6x 10“ 0.17 0.23 1.60
6 7.7x10“ 1.5x10“ 6 .0x10“ 0.19 0.36 1.45
T A B L E  ( 4 . 3 ) .  I R O N  A N D  C H R O M I U M  S P U T T E R E D  O N  T O  T H E  
S U R F A C E  O F  S A M P L E S  I N  T A B L E  ( 4 . 2 ) .
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Fig. 4.3 . TYPICAL DISTRIBUTION PROFILE OF A GOLD MARKER
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+  Experimental data 
—  Fit to the data
Fig. 4.4 . JHG FIT TO THE MARKER SIGNAL SHOWN IN Fig. 4.3 .
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the beam from seeing significant parts of the sample plate resulting in insignificant 
sputter deposition of iron and chromium. A  correction in the position of the mode may be 
required if the surface contamination is large. The contamination depresses the position 
of the mode and for 85° incidence the correction may be as much as 1.6 keV, see Table 
4.3.
The position of the mode also needs a correction if there is a variation in either the 
electronics gain or the beam energy. For keeping a track of the electronics gain the 
amplifier stability is monitored by observing the pulser signal, see appendix 1. I f the 
amplifier gain shifts then there is a linear shift in the pulser position. The values of 
amplifier stability measured on six different days are given in Table 4.4. From Table 4.4 
it can be seen that the expected instability of the amplifier is nearly 0.2% during a days 
run.
The position of the mode will also be affected if the beam energy varies. Variations in the 
beam energy can be monitored by observing the position of tlie silicon edge, see 
appendix 2. From observations made on six typical days the maximum variation in beam 
energy was 0.6% (~ 9keV), as shown in Table 4.5. This change is very small and does 
not affect the results significantly.
4.4 SPUTTERING YIELD
The geometrical model for mixing with depth as a function of angle of incidence [2.36] is 
based on certain parameters which are found from a best fit to the experimental sputtering 
yield data [2.37]. The sputtering yield is measured by the erosion rate of the surface and 
is defined as the average number of target atoms emitted per incident ion. When 100 keV 
argon ions are implanted into the matrix the amorphous silicon surface is sputtered off. 
This produces a shift towards the surface in the RBS signal of the mode of the marker
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SAMPLE
NUMBER
MEANPULSER 
POSITION DURING A 
DAY'S RUN 
(Channel No.)
VARIATION IN 
PULSER POSITION 
DURING THE DAY 
(Channel No.)
PERCENTAGE 
INSTABILITY OF 
AMPLIFIER
1 502.09 0.46 0.09
2 500.81 0.26 0.05
3 502.24 0.46 0.09
4 502.56 0.66 0.13
5 497.81 1.52 0.31
6 500.37 1.74 0.35
T A B L E  ( 4 . 4 ) .  I N S T A B I L I T Y  O F  A M P L I F I E R  E L E C T R O N I C S .
NUMBER OF 
OBSERVATION
MEAN POSITION OF 
SILICON EDGE 
DURING A DAY’S 
RUN 
(Channel No.)
VARIATION IN 
POSITION OF 
SILICON EDGE 
DURING THE DAY 
(Channel No.)
VARIATION IN 
BEAM ENERGY 
DURING A DAY’S 
RUN j
(%)
1 279.29 1.74 0.6
2 279.33 1.36 0.5
3 278.98 0.86 0.3
4 279.26 1.68 0.6
5 278.95 1,08 0.4
6 278.91 1.24 0.4
TABLE (4.5). PERCENTAGE VARIATION IN BEAM ENERGY.
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distribution. As the angle of ion incidence increases the dense parts of the cascade are 
brought closer to the surface. This results in an increase in the sputtering yield with 
increasing "0" until a peak value is reached. Observation of the mode shift with angle of 
ion incidence indicates that the sputtering yield maximises around 80° ion incidence. This 
maximum value of sputtering yield imposes a limit of 174x10“ atoms/cm2 on the 
minimum depth at which the marker can be placed. If the marker is kept shallower than 
174x10“ atoms/cm2 it will result in sputtering past the true mode of the marker 
distribution and deconvolution of the mode estimates will be erroneous.
In our case the minimum depth of the marker was kept as 175x10“ atoms/cm2. For this 
depth the estimate of the mode shift indicates that for 80° ion incidence the entire top 
silicon layer is sputtered off. Along with the top silicon layer a nominal sputtering of the 
marker is also observed when the number of atoms remaining behind in the marker film 
are counted. The sputtering of the marker greatly affects the position of the mean of the 
marker distribution but as an approximation it will not affect the mode. Therefore the 
estimates of the sputtering yield are made by evaluating the position of the mode of the 
marker distribution rather than the mean.
In order to get a good estimate of the sputtering yield a limit also exists on the maximum 
depth at which the marker can be placed. This limit is imposed by factors like crystal 
swelling, implanted interstitials and clustering of defects, all of which profoundly affect 
the position of the mode. The extent to which these factors influence the position of the 
mode is illustrated at length in chapter 5. In the case of the data presented here the 
maximum depth of the marker was kept as 230x10“ atoms/cm2 for evaluation of the 
sputtering yield.
Table 4.6 gives the data acquired from RBS analysis in respect of mode shift for each 
angle of ion incidence at various depths of the marker. The mean value and the standard
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Chapter 4
deviation for the mode shift at a given angle of incidence are shown at the bottom of 
Table 4.6. If the marker is placed between the two limits discussed above then to a good 
approximation the mode shift is proportional to the sputtering yield. A  graph between the 
mode shift and the angle of incidence gives the variation of sputtering yield as a function 
of angle of ion incidence, see Fig. 4.5. The sputtering yield in terms of atoms/ion can be 
evaluated from the RBS data and is found to be nearly 18 atoms/ion for 80° ion 
incidence. The sputtering yield versus angle of ion incidence for a gold marker at a depth 
of 330 A by R.P. Webb et al. is shown in Fig. 4.6.
Table 4.6 shows a spread in the value of the sputtering yield. This is due to factors like 
accuracy of RBS measurements, roughness of the surface, variation of the argon content 
in the top silicon film and sharp change in the value of S(0) for higher angles of 
incidence. The accuracy of the RBS measurements is given by the fitting procedure in 
terms of the precision of the estimates and is typically about 300 eV. The roughness of 
the amorphous silicon film coupled with a variation of 3% in the argon content (see Table 
4.2) contributes to the fluctuation in the sputtering yield [4.9,4.10].
A spread as large as 33% is seen in the value of the sputtering yield at 85° ion incidence. 
The graph of the sputtering yield shows that after 80° incidence the sputtering yield 
rapidly falls to zero within the next 10 degrees. This large rate of change makes the 
sputtering yield very sensitive to small variations in ion incidence. As the samples are 
glued to the wedges by silver paint their alignment will vary each time they ar e glued on. 
This misalignment could cause a variation of 4 degrees in ion incidence which wouli 
result in the observed variation of 33% of the sputtering yield.
Fig. 4.5. VARIATION OF ENERGY SHIFT OF MODE (odTO SPUTTERING YIELD) 
WITH ANGLE OF ION INCIDENCE.
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The geometrical theory of sputtering [2.37] was extended to examine the behaviour of 
mixing as a function of angle of incidence [2.36]. It was assumed that mixing at an 
interface was given by the transfer of particles across a plane which instead of being at 
the surface as in the sputtering case could now be anywhere in the solid. When the 
interface was considered at the surface, mixing was considered to be proportional to the 
sputtering yield. The mathematical treatment was thus the same as for sputtering [2.37], 
that is low energy trajectory groups were removed when high energy trajectories were 
truncated by passing through the surface, and mixing was considered to be proportional 
to the area of intersection of the low energy group with the interface [2.36].
Mixing is measured by observing the broadening of the deep half of the JHG distribution. 
The deep half rather than the shallow half is considered because the shallow half is highly 
modified by effects of sputtering when the marker is very close to the surface and then 
deconvolution of data is neither easy nor obvious. The 90° sample is not irradiated and 
initially it was used as a control sample for eliminating any broadening caused by simple 
thermal diffusion, but later on, an unirradiated portion of each sample close to its own 
irradiated area was used in place of the 90° sample. The energy variance of the marker 
spreading is calculated according to equation 4.1
(Marker broadening)2 = (cr.)2 - (ou)2 4.1
where (au)2 = variance of the unirradiated marker profile.
(0 .)2 = variance of the irradiated marker profile.
4.5 MIXING
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The variance is chosen to characterise the marker broadening because marker spreading 
is a direct function of the nuclear energy loss [4.11].
The experimental data for mixing with angle of incidence versus depth using gold 
markers is given in Table 4.7. A plot of this data is shown from two different angles in 
Figs. 4.7a and 4.7b. Similar plots for the theory are given in Figs. 4.7c and 4.7d. 
Experimental data using tantalum markers is given in Table 4.8. For tantalum markers 
fewer marker depths were investigated because the requirement was to see whether a 
reactive marker (Ta) behaved differently from an inert marker (Au). The data given in 
Tables 4.7 and 4.8 will be discussed later in section 4.7.
4.6 THEORETICAL FIT TO THE EXPERIMENT
The model [2.37, 2.36] (and c.f. section 2.8) for the sputtering yield and mixing needs the 
following parameters,
(1) R0 — average path length of the high energy group.
(2) Rj — average path length of the low energy group.
(3) Xm — depth of the marker.
(4) Xs — average cascade generation depth.
(5) N(d>) Polynomial distribution of the high energy group.
Theoretical fits to the experimental data are found by varying the values of "a", "b" and 
"i", as described in section 2.8 and evaluating the four components of the model [2.37].
"a" and "b" give the relative dimensions of the high energy and low energy groups and "i"
gives the degree of anisotropy. It has been shown [2.38] that with increasing values of "i" 
(i.e. greater anisotropy) the relative sputtering yield S(0)/S(O) peaks more prominently
70
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Fig. 4 .7 d . A VIEW OF Rg. 4.7c FROM ANOTHER ANGLE.
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decreases, because <N0(<3>)> is small for small values o f <X> with increasing <XS>. 
Similarly the variation o f relative sputtering yield with b/a indicates that b/a varies over a 
narrow range. It was shown that curves for b/a=0.1 and 1 are very much limiting cases 
[2.38].
The parameters (1 to 5) above are found from the best fit to tlie experimental sputtering 
yield data. The experimental sputtering yield data for six interface depths is given in 
Table 4,6, and the mean values are plotted in Fig. 4.5. The error bars are one sigma 
statistical variations about the mean value. A  fit to the mean value is shown by the 
continuous curve. The parameters obtained from the fit are given in Table 4.9. These 
parameters compare well with those determined by Webb et al. see Table 4.10, except for 
the polynomial N(<D). The polynomial is found to have a degree o f anisotropy higher than 
the polynomial determined by Webb et al. because the sputtering yield at 80° is found to 
be nearly 40% higher than the value obtained by them.
The parameters obtained for the sputtering yield are used to calculate the mixing at the 
marker depth. The amount o f silicon overlay sputtered o ff can be obtained from RBS 
data. The data shows that for 0° incidence approximately 40 A  o f the silicon overlay is 
sputtered o ff and for 80° incidence nearly 360 A  is sputtered off. For making a 
comparison between theory and experiment the data is plotted only for selected marker 
depths in three regions o f interest. The three regions are the region near the surface, the 
region around the peak o f the damage distribution and the region around the mean ion 
range. The peak o f the damage distribution for 100 keV argon into silicon is found to be 
at 750 A  from TR IM  [4.12] and the range is found to be around 1050 A  from SUSPRE 
[3.19] and TRIM. The theoretical and experimental values o f mixing are given in Table 
4.11, and the plots are shown in Figs. (4.8a - 4.8f). The theoretical curves are scaled and 
fitted to the experimental data by normalising the data at a marker depth around the peak 
o f the energy deposition where the shapes o f the mixing profiles match best. The plots
and the peak moves to smaller values o f 0. Also as the value o f "a" decreases, S(0)
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Mean ion range 1050 A from SUSPRE and TRIM
Mean damage range 750 A from TRIM
Mean range o f high energy group 370 A from fit to experiment
Mean energy o f high energy group 39keV from PR AL and above
Mean range o f low energy group 180 A from fit to experiment
Mean energy o f low energy group 21 keV from PR AL and above
Mean cascade depth 400 A from fit to experiment
High energy group distribution N(<t>) = 2<j> + (j)2 + <|>4
TABLE (4.9). PARAMETERS USED IN THE GEOMETRICAL MODEL OF MIXING 
FOR 100 keV Art IN SILICON.
Mean ion range
<ooo
from PR AL calculations
Mean damage range 700 A from ratio with ion range
Mean range o f high energy group 365 A from fit to experiment
Mean energy o f high energy group 39keV from PR AL and above
Mean range o f low energy group 192 A from fit to experiment
Mean energy o f low energy group 22keV from PRAL and above
Mean cascade depth 405 A from fit to experiment
High energy group distribution ■N(4>) = 5<j) + (j)2 4* 2ij)3
TABLE (4.10). PARAMETERS USED BY WEBB et al IN THE GEOMETRICAL 
MODEL OF MIXING FOR 100 keV Art IN SILICON.
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Fig. 4.8a. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 360 A.
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Fig. 4.8b. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 410 j?
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Fig. 4.8c. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 650 X
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Angle of incidence (degrees)
Fig. 4.8d. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 740 A
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Fig. 4.8e. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 900 A
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Fig. 4.8f. MIXING VERSUS ANGLE OF INCIDENCE AT A DEPTH OF 1050 A
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show that the theory fits reasonably at 650 A  but for the shallower depth o f 360 A  it does 
not fit. The experimental data also shows that beyond the mean ion range (1050 A) at a 
depth o f 1240 A  mixing still has a value as large as 4.12 keV for 0° incidence, whereas 
the theoretical calculation shows that mixing rapidly falls to a negligible value at 900 A , 
see Table 4.11.
4.7 DISCUSSION OF THE RESULTS
When the experimental data for sputtering yield is fitted with theory it is found that 
although the data fits the theoretical curve reasonably, some difficulty is found in fitting 
all the sections o f the curve exactly. This maybe because o f the form o f the polynomial 
chosen for the anisotropy and the four component approximation used in the computer 
evaluation o f the model. When the parameters derived from the fit to the sputtering yield 
data are used to evaluate mixing at different depths, the theory fits the experimental data 
to a reasonable degree around the peak o f the energy deposition (750 A) but it needs to be 
modified for shallower and deeper depths.
For depths beyond the mean ion range the experimental results show large values o f 
mixing as compared to theory. This is because the theory does not take into account point 
defects and radiation enhanced diffusion. This factor results in displacement o f the atoms 
at the end o f the cascade and hence contributes to mixing. The results also show that for 
the marker at shallow depths the experiment shows considerably large values o f mixing 
as compared to theory, this again is probably due to the fact that the surface is rich in 
vacancies and mobility o f point defects produces higher values o f mixing in the 
experiment. The theory also does not take into account surface recession due to sputtering 
during implantation. So as the surface recedes, the effect o f collision cascade at a given
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depth goes on varying. This factor would be small for normal incidence and deep markers 
as the variation in energy loss due to surface recession will be small. But for shallow 
markers and high angles o f ion incidence (70° - 85°) the experimental results will have 
values higher than theory as can be seen from Table 4.11.
Also the model assumes that the sputtering yield is proportional to mixing at the surface 
and that mixing at a depth corresponds to the number o f particles crossing a plane at that 
depth, which is proportional to the area o f intersection o f the spheres fonned by the low 
energy group and the plane. These we then integrate over all the high energy group 
trajectories. It is assumed that there are only two types o f recoil (low + high energy) this 
over simplification o f a cascade will clearly limit the models performance.
Tsaur et al. have shown that the spreading o f the marker is proportional to the deposited 
energy distribution [4.11]. A  comparison between the mixing data and energy deposition 
profile from TRIM-Cascade for normal incidence is shown in Fig. 4.9. The experimental 
data has been normalised with the simulation data at 650 A, Fig. 4.9 shows that the 
mixing peak corresponds with the peak in the energy deposition. This is suggestive o f 
Radiation Enhanced Diffusion (RED). The effect o f RED can be seen from a comparison 
o f Fig. 4.7a and Fig. 4.7c. This comparison shows that the plateau region in the left hand 
corner is higher in the experimental data as compared to theory. This is because mixing in 
this region is enhanced due to RED towards the surface.
A  comparison between the experimental data for mixing versus depth at nornial incidence 
and theoretical data (Wilson and Webb model) is shown in Fig. 4.10. From Fig. 4.10 it 
can be seen that the Wilson and Webb model fits the experimental results in the region o f 
the peak o f the energy deposition. Thus it appears to model the effect o f radiation 
enhanced diffusion due to the fitting procedure used. So far the results indicate a strong 
influence o f diffusion on cascade mixing, so a comparison o f the experimental data is
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• Experimental data
— Energy deposition
Fig. 4.9. A COMPARISON OF THE EXPERIMENTAL DATA FOR MIXING WITH DEPTH 
AND TRIM-CASCADE SIMULATION OF ENERGY DEPOSITION WITH 
DEPTH FOR N O R MALLY INCIDENT 100 keV A R G O N  IN OC-SILICON.
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• Experimental data
—  Theory ( Wilson and Webb model)
D e p t h  ( A )
Fig. 4.10. A COMPARISON B E T WEEN THE EXPERIMENTAL DATA AND
THEORETICAL DATA (WILSON AND W E B B  MODEL) FOR MIXING 
VERSUS DEPTH AT N O R M A L  INCIDENCE.
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also made with a model based on an average diffusion approximation to cascade mixing
[4.13]. In this diffusion approximation to the mixing process the mean broadening width 
Ac o f a marker is given as
where Ax = Marker broadening.
(j> = Dose.
n(£) = No. o f atomic displacements created by a projectile o f energy E.
I = Mean displacement distance.
N  = Mean atomic density.
R  = Range.
Fig. 4.11 shows a comparison o f eqn.(4.2) and the experimental data for mixing versus 
depth at normal ion incidence. This comparison suggests that the values o f mixing 
obtained by the average diffusion approach are much too small as compared to 
experiment, and once again this indicates enhanced diffusion in the experiment.
The experimental data are also compared with a computer simulation version o f TR ID YN
[4.14], as shown in Fig. 4.12. The plot indicates that the simulation values are closer to 
the experimental data as compared to the average diffusion model but are still much too
4.2
90
•  Experimental data
200"
___ Theorv/average diffusion •»
y \ approximation model /
•
15a •
o< • «
CD
I  100~<uT>aso
j—
CQ
50 _
♦
•
•
• •
•
•
0
01 200 400 600 800 1000 1200 1400 1600 1800 '2000
Depth (A  )
Fig. 4.11. A COMPARISON BETWEEN THE EXPERIMENTAL DATA AND
THEORETICAL ESTIMATION OF CASCADE MIXING BASED ON AN 
AVERAGE DIFFUSION APPROXIMATION M O D E L
91
200
15a
o <
O)
I  100_
a>XJca o
CQ
50
0
a
«■* \
• i
Experimental data
Computer simulation
(TRIDYN non-normallsed) 
Computer simulation 
(TRIDYN normalised to 
back edge.)
"2b0 4&0 6bb 800 1000 1200 1400 1600 1600 '2000
Depth (ft )
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small. The extra mixing shown by tlie experimental results is probably due to diffusion o f 
excess interstitials i.e. radiation enhanced diffusion. This effect o f RED is investigated in 
greater detail in chapter 5.
An overall comparison between the experimental data, Wilson and Webb model, Average 
diffusion model and Tridyn for mixing versus angle o f incidence at a depth o f maximum 
energy deposition is shown in Fig. 4.13. The results o f Fig. 4.13 indicate that the Wilson 
and Webb model is closest to the experimental data, but this appears to be due to the 
method o f fitting as this model contains no description o f radiation enhanced diffusion. 
The fit is found only by assuming a very high degree o f anisotropy in the high energy 
group o f trajectories i.e. assuming a large degree o f forward motion in the cascade, it 
could be that by employing this degree o f anisotropy we have effectively given a zeroth 
order approximation to tlie radiation enhanced diffusion o f point defects into the solid. 
The effect o f marker species on mixing is examined by using tantalum markers in 
addition to gold markers. Tantalum readily fonns a silicide and is quite different from 
gold in this respect. The experimental results for mixing using tantalum markers is given 
in Table 4.8. A  comparison between the data given in Table 4.7 and Table 4.8 shows that 
the general trend for mixing is the same for tantalum and gold markers. This indicates 
that for these markers mixing is independent o f their individual chemical properties. This 
has also been established by Matteson et al. [2.28] for Ge, Sb, and Pt markers in silicon. 
The fact that mixing is not dependent on marker species supports the assumption that 
markers are very dilute and to a good approximation represent the collisional 
characteristics o f the host material.
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• Experimental data
Fig. 4.13. MIXING AS A FUNCTION OF ANGLE OF INCIDENCE AT THE DEPTH 
OF MAXIMUM ENERGY DEPOSITION.
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C H A P T E R  5
A  STUDY OF A TO M IC  C O LLIS IO N  CASCADE USING A  DOUBLE M AR K E R
SYSTEM
5.1 INTRODUCTION
When a target is irradiated with energetic ions a collision cascade is set up within the 
target, resulting in defect fonnation and transport o f the target atoms [5.1], This 
redistribution may result in the clustering o f defects which can grossly affect device 
efficiency in semiconductor processing [5.2]. One such observation was made by Carter 
et al. during the pre-amorphisation o f silicon [5.3], and Thornton et al. [5.4] suggested 
that this defect clustering was due to trapped self-interstitials. Clustering o f defects can 
also produce stress and therefore lattice distortion with regions o f swelling and regions o f 
contraction within the target.
5.1.1 Point defects in amorphous solids
The concept o f defects in crystalline materials is quite clear because o f the presence o f a 
long range order o f the atoms. Any deviation from this periodicity in crystalline structure 
due to displacement o f atoms is readily identified because it is discrete and localised. 
However, in amorphous materials only short range order exists to an extent and this
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makes it difficult to identify the defects [5.5]. Nevertheless the property changes due to 
defect creation are likely to be similar in both amorphous and crystalline solids [5.6] 
because the influence o f defects prevails over localised regions o f the solid.
When a solid is irradiated with ions it generally results in the creation o f vacancies, 
interstitials and substitutional impurities which constitute point defects. In the dynamic 
situation, there is a continuous creation, migration and annihilation o f vacancies and it is 
also possible to fonn a high concentration o f vacancies which may be partially retained 
when the dynamic event is over and the solid has also returned to room temperature. This 
is because during migration the vacancies may agglomerate in groups o f two or more to 
form clusters. The fonnation o f clusters is energetically favourable because in this case 
the strain in the lattice is low as compared to the strain i f  the vacancies were to exist 
separately. Computer simulation studies for investigation o f defect production have been 
done by various people. King and Benedek [5.7] in their molecular dynamic calculations 
have shown that clusters o f defects can be formed, leading to net transport o f mass. In 
another study, the presence o f vacancies in amorphous solids has been investigated by 
Bennet et al. [5.8]. In their computer model they have shown that the existence o f 
vacancies in amorphous solids is dependent on the type o f bonding (i.e. covalent or 
metallic type), and defect structure could be quite complex because o f the nature of 
atomic bonding in amorphous solids.
During ion implantation the vacancy and interstitial can be formed as a Frenkel pah, but 
after fonnation the vacancy tends to be more stable and therefore less mobile than the 
interstitial. When an interstitial is fonned, the surrounding lattice is considerably strained 
because it has to hold the interstitial at an abnormal site. Thus it is favourable for the 
interstitial to migrate in order to relax the strain in the lattice. This holds true whether the 
interstitials are formed by thermal energy or by collisional energy and favours rapid
/
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interstitial migration towards a sink which could be the surface, vacancies or other 
interstitials. I f  the interstitials find other interstitials as a favourable sink then the 
interstitials tend to agglomerate like the vacancies. Agglomeration o f defects due to mass 
transport can lead to properties like volume swelling and volume contraction. Work in 
this direction has been done for amorphous materials irradiated to high doses with 
neutrons [5.9], protons [5.10, 5.11], electrons [5.12] and heavy ions [5.13 - 5.16]. 
Generally the experimental observations have been made by techniques like scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM), but in this 
research work the experimental observations have been made by RBS, and here, rather 
than looking at volume changes we are looking at mass thickness changes; really at mass 
transport.
5.1.2 Structural modifications in materials due to the effects of atomic collision cascade
When a target is irradiated with an. ion beam the energetic projectiles interact with the 
near surface atoms o f the target to produce different kinds o f processes. These processes 
determine the nature o f the modification brought about in the target. The ion target 
interaction may cause sputtering o f particles from the target surface leading to surface 
erosion, also the ions may penetrate into the target surface and produce a rearrangement 
o f the target atoms as well as the implanted ions themselves. During these processes the 
ion will transfer energy to the target atoms and surrounding electrons via a succession o f 
collisions by losing energy at each encounter. During the nuclear collision the projectile 
may impart sufficient energy to the target atoms to cause atomic displacement.
The displacement energy for metallic atoms is typically 25 eV and for silicon considered 
here it is 13 eV [5.17]. So a heavy ion like argon implanted into silicon at energies o f the
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* As the amorphous silicon film consists of loosely packed silicon atoms with 7% argon, it would 
probably be more realistic to consider a much lower value (6 eV) of displacement energy.
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order o f a 100 keV will impart considerably more energy to the lattice atoms than the 
displacement energy and this could result in several thousand o f displaced target atoms 
per incident ion. The recoiling lattice atoms can also displace other lattice atoms giving 
rise to a displacement cascade. Along its trajectory the implanted projectile may produce 
many such displacement cascades which will lie within a volume surrounding the ion’s 
trajectory. It has been demonstrated that the ion induced damage in semiconductors is due 
to the energy density deposited within this volume which contains the collision cascade 
[5.18,5.19,5.20].
Atomic collision cascades can result in atomic mixing [5.21] and even at room 
temperature the atoms o f the solid can be transported distances that would need much 
higher temperature i f  normal diffusion processes were to be applied. The net result o f 
mass transport due to collisional mixing and radiation-induced defect motion could lead 
to either swelling or contraction within different regions o f the cascade volume. 
Systematic studies o f radiation- induced defects to produce mass transport have been 
done by Wiedersich [5.22] and a good understanding o f the basic concept and processes 
involved in mass transport by atomic mixing have been given by Appleton [5.23].
In the work presented in this chapter regions o f sputtering, swelling and contraction are 
experimentally observed by sectioning the collision cascade with the help o f a double 
marker system and observing the marker shifts using RBS. The experimental data 
obtained for the marker shifts at room temperature are then compared with a Monte-Carlo 
computer simulation programme TRIM-Cascade. This comparison indicates substantial 
Radiation Enhanced Diffusion (RED) o f interstitials. The presence o f RED is confirmed 
by repeating the high dose implant at a lower temperature o f 90K and observing the 
decrease in the number o f interstitials as compared to the room temperature implants.
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As the aim o f the experiment is to section the atomic collision cascade it is appropriate to 
use marker type geometry and thus the samples used in the experiment consist o f a 
double sandwich structure (the "matrix") as shown in Fig. 5.1. The shallow marker is 
placed at different depths ranging from 12 nm to 220 nm below the surface and the total 
thickness o f the matrix is kept ~500 nm. It is essentially an amorphous silicon film 
sputter deposited on to a silicon wafer which is then irradiated by a 150 keV argon beam 
to doses o f lx lO 16, 2xl016 and 5xl016 atoms/cm2. As the projected range o f 150 keV argon 
in silicon is 164 nm the collision cascades produced by the argon beam fall entirely 
within the deposited film and are sectioned by a thin tantalum marker (the "shallow 
marker") in the film. It is assumed that the shallow marker is very dilute and its atoms 
effectively behave like the silicon atoms in the matrix. The film/substrate interface is 
unaffected by irradiation and is marked by another thin tantalum film tenned as the 
"deep marker".
Ten different matrices are grown using the RF sputter deposition technique as described 
in section 3.3.1 with the shallow marker at different depths. When these matrices are 
bombarded with 150 keV argon ions, the surfaces o f the matrices are sputtered causing 
both markers to move towards the surface. However, because o f swelling due to the 
implanted argon ions and excess interstitials, and contraction due to excess vacancies, a 
compensation between swelling, contraction and sputtering will occur. In matrices where 
the shallow marker is very near the surface, mass transport in the region between the 
surface and the shallow marker will be dominated by sputtering effects. At slightly 
greater depths contraction due to an excess o f vacancies will increase the apparent 
movement o f the marker towards the surface. As the depth o f the shallow marker
5.2 PHILOSOPHY OF THE EXPERIMENT
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increases a point will come where the shallow marker will begin to intersect the region o f 
swelling. Beyond this point swelling starts compensating for sputtering and contraction, 
and the marker will appear to move away from the surface as the implant is accumulated. 
For example the inward movement o f the deep marker Fig. 5.2a indicates that the overall 
contribution to mass thickness by the argon dose is greater than the mass loss through 
sputtering.
Mass transport is indicated by a shift Ad in the position o f the shallow marker [5.24]. 
Similar shifts in the marker position due to sputtering, implanted ions and mass transport 
o f host atoms for a double platinum marker system in silicon have also been reported by 
Paine [5.25]. Also, Affolter et al. have measured the amount o f silicide formed, i.e. 
amount o f atomic transport, by monitoring the separation o f two markers [5.26], I f  mass 
is transported from the region between the surface and shallow marker to the region 
between the shallow marker and deep marker, then the shallow marker will move towards 
the surface (+ve Ad ). However, i f  the particles are more frequently transported from the 
region between the two markers to the region between the shallow marker and the surface 
then the shallow marker will indicate a movement away from the surface (-ve Ad ). 
Positive and negative shifts observed in the marker signals are illustrated in Figs. 5.2 a,b 
respectively.
5.3 EXPERIMENTAL RESULTS
Fig. 5.2a shows the RBS spectrum o f a matrix before and after 5xl016 atoms/cm2 o f 150 
keV argon ions have been implanted at nominally room temperature, (the temperature 
during implantation increased from 296 K  to 321 K). The shallow marker o f the matrix 
shown in Fig. 5.2a is nearly 30 nm below the surface, so the number o f implanted ions
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(a) deepmarker ^ hallow marker
Channel Number
Flg.5.2. (a). RBS SPECTRA (NORMAL INCIDENCE) OF A MATRIX WITH THE SHALLOW MARKER 
AT 30 nm FROM THE SURFACE (UNIMPLANTED AND IMPLANTED AT ROOM TEMP. 
WITH 5x1016ATOMS/cm2OF 150 keV ARGON IONS). Ad- SHALLOW MARKER SHIFT;
As - DEEP MARKER SHIFT.
(b). TILTED INCIDENCE (4(f) RBS SPECTRA OF A MATRIX WITH THE SHALLOW MARKER AT 
90 nm FROM THE SURFACE (UNIMPLANTED AND IMPLANTED AT 90 K WITH 5x1016 
ATOMS/cm2 OF 150 keV ARGON IONS.)
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within this depth is small (see Fig. 5.4), and swelling due to interstitials and implant 
atoms is not prominent. However, this region is rich in vacancies as it is near the surface 
and this combined with sputtering produces an appreciable contraction and consequently 
sputtering and contraction dominate over swelling, and movement o f the shallow marker 
is towards the surface i.e. Ad is positive.
Fig. 5.2b shows a tilted incidence (40° with respect to the surface normal) RBS spectrum 
o f a matrix with the shallow marker at a depth o f 190 nm and implanted with 5xl0,<J 
atoms/cm2 o f 150 keV argon ions at 90 K. In this case we observe a negative value o f Ad 
because swelling due to the combined effect o f implanted ions and excess interstitials is 
greater than contraction due to sputtering and vacancies.
The values o f Ad obtained from RBS measurements for different depths o f the shallow 
marker are given in Table 5.1 and a plot o f these values is shown in Fig. 5.3. The error 
bars are 95% confidence limits from the calculated standard errors o f the mode estimates, 
which are typically 0.3 keV.
5.3.1 Comparison of the experimental data with Monte-Carlo simulation
An interpretation o f the experimental data is performed by comparing the results o f 
5xl016 atoms/cm2 implant with a computer simulation programme, TRIM-Cascade. This 
three dimensional Monte-Carlo programme for simulating transport o f ions in matter can 
evaluate the depth distribution o f vacancies and interstitials produced by ion 
bombardment. The difference between the vacancies and interstitials at any depth is 
termed as excess interstitials and can be derived from TRIM-Cascade [4.12, 5.27]. Any 
density changes in the films have not been considered in the simulation because RBS 
measurements would be insensitive to these fluctuations. Also RBS result show that for
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EXPT. No.
DEPTH OF 
SHALLOW 
MARKER 
(nm)
MARKER 
SHIFT Arf 
FORA 
DOSE OF 
1x10“ 
atoms/cm* 
(keV)
MARKER' 
SHIFT M 
FORA 
DOSE OF 
2x10“ 
atoms/cm* 
(keV)
MARKER 
SHIFT Ad 
FORA 
DOSE OF 
5x10“ 
atoms/cm* 
(keV)
1 11 1.7 3.4 5.7
2 29 1.9 3.8 8.0
3 47 1.8 3.1 6.6
4 65 3.7 5.9 9.6
5 90 7.7 8.9 11.5
6 107 6.2 7.2 8.9
7 125 1.6 2.5 3.4
8 156 -1.7 -3.1 -4.8
9 191 -3:5 -4.6 -6.1
10 215 -3.7 -4.7 -6.2
TABLE (5.1) OBSERVED RBS SHIFTS Ad IN THE POSITION OF THE SHALLOW 
MARKER WITH DEPTH FOR THREE DIFFERENT DOSES OF 150 keV 
ARGONIN AMORPHOUS SILICON.
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Expt. data (RBS) 
Trim-Cascade
Depth (nm)
Fig. 5.4. RANGE PROFILE OF 150 keV A R GON IN A M O R P H O U S  
SILICON AT R O O M  TEMPERATURE.
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an argon implant o f 5xl01<5 atoms/cm2 only 60% o f the implant is retained. As the 
deposited films contain 7% argon, a loss o f 40% o f argon suggests that a saturation limit 
for argon was reached and after this limit argon diffused to the Surface and escaped. 
Although 40% o f the implant atoms were lost, the range profile was still conserved. The 
range profile shown in Fig. 5.4 is obtained by subtracting the unimplanted profile from 
the implanted one after normalisation o f the spectra and it can be seen that the range 
profile obtained from RBS data compares very well with the simulation. In order to 
predict a marker shift from the simulation we must combine the effects o f sputtering, 
vacancies and interstitials (self + implanted) and integrate these effects between the 
surface and the marker depth "z". We have assumed a simple arithmetic sum where only 
the excess o f point defects have an effect and therefore the resultant shift is given by:
Ad -  Sputtering +  \ {Imp -t-jVac -  Ins)}dx
Jo (1)
where the symbols represent the concentration o f implant, vacancies and self interstitials 
at a depth x. Due to the 40% loss in implant atoms a correction is made in the simulation 
data and a graph o f eqn.(l) against depth is shown in Fig. 5.5. For purposes o f scaling, 
the simulation data has been normalised with the experimental data at 215 nm as both 
experimental and simulated data show no change after this depth because mass transport 
due to the cascade will not penetrate below this depth, and below this depth the integral 
effect will result only in the swelling due to the addition o f argon and the erosion o f the 
target due to sputtering, both o f which are adequately treated in the simulation. Both 
experiment and simulation (Fig. 5.5) show that there is a vacancy rich region up to 135 
nm and an interstitial rich region beyond it. The boundary at 135 nm shows a good 
correspondence between the simulation and experiment and is indicative o f a change over
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from contraction to swelling. However, experiment shows a much larger concentration o f 
vacancies than calculated by the simulation, particularly around 90 nm. This depth is the 
region o f maximum disorder and corresponds to the peak o f the nuclear energy 
deposition with depth (see Fig. 5.5). A  comparison o f the magnitude o f the concentration 
o f vacancies and interstitials with the computer simulation TRIM-Cascade suggests a 
possibility o f radiation enhanced diffusion. Recombination o f vacancies and interstitials 
has not been considered in the calculations because it will not effect the nonnalisation 
point and only acts to reduce the number o f defects, which will act to widen the 
difference between experiment and calculation.
5.3.2 Low temperature measurements
In order to investigate the possible effect o f radiation enhanced diffusion on the observed 
mass transport, the high dose (5xl016 atoms/cm2) implant is repeated at a lower 
temperature o f 90 K  and these results are then compared with the room temperature 
implant (5xl0 ,s atoms/cm2) and also TRIM-Cascade. Table 5.2 gives a comparison o f the 
values obtained for Ad when 150 keV argon is implanted into amorphous silicon both at 
room temperature and at 90K. A  plot o f these values is shown in Fig. 5.6. It is assumed 
that for cold implanted samples diffusion does not occur when the samples are warmed 
up to room temperature [5.28]. The error bars in Fig. 5.6 are again 95% confidence limits 
from the calculated standard errors o f the mode estimates.
The experimental results are again compared with TRIM-Cascade by normalising the 
simulation data with the experimental data at a depth o f 215 mn because both theory and 
experiment show no change at greater depths and beyond this depth the integral effect 
will be only due to implanted argon interstitials. This is indicated in Fig. 5.2 by a
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EXPT. No.
DEPTH OF 
SHALLOW 
MARKER 
(nm)
MARKER SHIFT 
Ad FOR ROOM 
TEMP. IMPLANT 
(keV)
MARKER SHIFT 
Ad FOR IMPL ANT 
MADE AT 90K 
(keV)
1 11 5.7 1.1
2 29 8.0 2.0
3 47 6.6 1.8
4 65 9.6 3.8
5 90 11.5 4.5
6 107 8.9 2.4
7 125 3.4 0.6
8 156 -4.8 -4.4
9 191 -6.1 -6.1
10 215 -6.2 -6.1
TABLE (5.2). MARKER SHIFT Ad FOR 5xl016 atoms/cm2 OF 150 keV ARGON IN 
AMORPHOUS SILICON AT ROOM TEMPERATURE AND AT 90K.
110
—  o —  Exp. data ( R oom Temp.) 
• —  q «*— Exp. data (90 K)
12-1
>a>sn
’o
<1
szCO
1—<DZd
k—■ <0 
2
6 -
fx / \
A -
K '
\
" r v + r-
120 \ \  170
V  T
10 7 0
Depth (nm)
Vacancy 
dominated region
220
Interstitial 
dominated region-
Fig. 5.6. PLOT OF Ad VERSUS DEPTH FOR 150 keV A R G O N  IN A M O R P H O U S  
SILICON AT R O O M  TEMPERATURE AND AT 90 K.
Ill
Chapter 5
consistent shift AS in the position o f the deep marker which is at a depth o f 500 nm and is 
unaffected by the cascades. Any contribution to the movement o f the marker signals by 
surface erosion has been neglected because both theory and experiment show that this is 
negligible. The results presented in Fig. 5.7 show that the vacancy-dominated region and 
the interstitial-dominated region correspond in both theory and experiment. The room 
temperature implants suggest that the large concentration o f vacancies around the peak o f 
the nuclear energy distribution is due to radiation enhanced diffusion [5.29]. The low 
temperature implant in Fig. 5.7 shows a 60% drop in the number o f vacancies but their 
number is still large compared to theory. This is due to the temperature not being 
sufficiently low to freeze in the defects; particularly the self-interstitials are still mobile 
[2.8].
The concept o f interstitials and vacancies usually applies to crystalline material but it can 
also be applied to amoiphous material although they have a low order. The number o f 
excess interstitials can be derived from TRIM-Cascade [4.12] and the total number o f 
interstitials at a given depth is the sum o f the implanted atoms and excess interstitials. 
The shift Ad has been expressed by eqn.(l). The experimental data is related to the TRIM  
evaluation o f the number o f interstitials (self + implanted) by smoothing and 
differentiating the experimental data. The smoothed differentials o f observed marker 
shifts for three different doses (lx lO 16, 2xl016 and 5xl016 atoins/cm2) o f 150 keV argon 
ions are plotted against depth in Fig. 5.8.
5.4 DISCUSSION OF THE RESULTS
Fig. 5.9 shows a comparison o f the experimental argon implant profile obtained from 
RBS and that predicted by TRIM-Cascade. The TRIM  evaluation in Fig. 5.8 has been
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corrected for dose according to the implant profile shown in Fig. 5.9 and also for the 
difference in stopping powers o f argon and silicon atoms. Argon loss was 40% in the 
room temperature implants and 38% in the cold implants. As the films were sputter 
deposited they contain approximately 7% o f argon prior to implantation and the further 
addition o f argon during implantation could lead to saturation o f binding sites and 
consequent loss o f argon. A  loss o f implanted argon was also observed by Bangert et al. 
[5.30] who carried out a study o f argon implants into silicon. They found that a part o f 
the implanted argon formed stable bubbles and the remaining argon atoms could rapidly 
migrate in the matrix and diffuse to the surface.
From the variation in peak heights o f the graphs shown in Fig. 5.8 it is evident that tlie 
number o f defects increases with dose for room temperature implants. A  sharp cross-over 
point at 90 nm in Fig. 5.8 indicates that the vacancies and interstitials tend to cluster 
separately. A  peak shift for both the vacancies and interstitials is also observed for an 
increase in dose. The direction o f this shift indicates that there is segregation to 
vacancy-rich and interstitial-rich regions and as the number o f defects increases with 
dose, the cluster o f vacancies gets more drawn towards the cluster o f interstitials, and this 
results in the vacancy and interstitial peaks being pulled towards each other. A ll 
experimental interstitial peaks show a shift tow aids the surface compared with 
simulation. As the number o f interstitials increases, the shift also increases. The effect of 
this segregation have been seen as cascade "sink-holes" in the surface o f bombarded 
silicon by scanning tunnelling microscopy [5.31]. A  comparison o f the cold implants and 
the room temperature implants for a similar dose o f 5xl016 atoms/cm2 shows a large 
reduction in defects in the cold implant. This is because radiation enhanced diffusion at
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low temperature (90 K  in this case) is considerably reduced and recombination reduces 
the net number o f defects.
In summary we conclude that radiation enhanced diffusion plays a vital role in mass 
transport because it affects defect mobilities and defect concentrations which are a 
function o f the specimen temperature [5.32] and also a function o f the dose.
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C H A P T E R  6
A P P L IC A T IO N  OF IO N  BEAM  M IX IN G  TO  Ni-Si AND Fe-Si SYSTEMS
6.1 IN T R O D U C T IO N
As the last two chapters were devoted to the study o f ion beam mixing in amorphous 
silicon it was thought necessary to look into an application o f the ion beam mixing 
process. The obvious application was silicide formation using ion beam mixing. The 
formation o f silicides by the penetration o f energetic ions through the interface between a 
metal film and silicon has been extensively studied [6.1-6.3]. Also during recent years a 
lot o f research has been done on silicide formation [6.4-6.9]. Interest in silicides has been 
generated because o f their potential usefulness in silicon-integrated technology, 
especially for interconnect metallisation, gate metallisation and low resistivity contacts 
[6.10]. The focus has generally been on the studies o f contact reactions between thin 
transition-metal films and a crystalline-silicon substrate [6.11], Consequently in this 
chapter we consider the mixing induced at the Ni-Si and Fe-Si interfaces by an inert ion 
beam under various implant conditions.
For this thin uniform films (o f the order o f 450 A) o f N i and Fe are evaporated on to 
single crystal silicon substrates and the interface is then mixed by an energetic argon ion 
beam. The choice o f Fe and N i was made because they form smooth films [3.40] and 
have almost identical mass (difference is less than 3.5%). The implant energies were
118
Chapter 6
chosen as 300 keV and 100 keV because mixing can be studied in deep enough layers 
such as to rule out any interference with the target surface, as the latter may generate 
complications in the analysis o f low-energy mixing experiments [6.12, 6.13]. Also, film 
thickness and depth o f implantation are such that RBS measurements can be perfonned 
with acceptable depth resolution and low ion flux [1.8, 2.17]. The choice o f Ar was made 
because it has been used earlier in this work (see Chapters 3, 4 and 5), and also because 
inertness o f the energetic argon ions prevents the fonnation o f ternary compounds and 
mixing o f the interface is by direct or indirect collisions [6.14],
Horino et al [6.15] have shown that the magnitude o f mixing is mostly dependent among 
other things on factors like energy density, temperature and radiation enhanced diffusion 
or segregation o f the elements involved in the mixing process. An energetic ion 
interacting with a solid surface can produce recoil mixing or cascade mixing (cf. sections
2.3 and 2.4 respectively). Recoil mixing is not much affected by irradiation temperature 
[6.16], but processes like radiation enhanced diffusion or segregation are temperature 
dependent [6.16] as they occur due to the mobility o f defects. In cases where mixing is 
brought about by the mobility o f defects the process is diffusion-like and exhibits a 
square root dependence on dose (cf. sections 2.5 and 6.5). W e have found this 
dependence in the case o f both the Ni-Si and the Fe-Si systems considered in this chapter 
in the following sections.
6.2 S A M P LE  P R E P A R A T IO N  A N D  PR O C E D U R E  O F  TH E  E X P E R IM E N T
The samples are prepared by depositing the nickel or iron films on a single crystal <100> 
silicon wafer as explained earlier in section 3.3.1. The depositions are performed at room 
temperature and no intentional heating on cooling o f the silicon substrate is done. When
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the deposition is complete the wafer is cut into several pieces each measuring 1.5x0.5 
cms and implanted as described earlier in section 3.3.2 with 100 keV and 300 keV argon 
ions. For each o f these energies, doses o f lx l0 ,5> 2xl015- 4x10'5- 8xl015 and 2xl016 
atoms/cm2 are implanted. The samples are misaligned against the beam axis by 7° in order 
to avoid channelling o f the argon ions during implantation. In order to reduce heating 
during implantation the beam current is kept between 1-2 [tamps across a 1x2 cm 
aperture. When 2xl016 atoms/cm2 o f argon was implanted the temperature increased to 
32°C. Both the implanted and the unimplanted regions in close proximity are then 
analysed by RBS as described in section 3.3.3.
6.3 IO N  B E A M  M IX IN G  A T  T H E  IN T E R F A C E  F O R  A  N i-S i S Y S T E M
Ion beam mixing at the Ni-Si interface has been investigated both as a function o f argon 
ion energy and dose. The ion energies chosen are 300 keV and 100 keV, so that in the 
fiist case the ions go well beyond the interface and in the second case the peak o f the 
range distribution is close to the interface. The projected range o f argon at 300 keV is 
1256A and the projected range at 100 keV is 404A. The thickness o f the deposited nickel 
film is measured as ~ 440A. As already mentioned above, for both the 300 keV and 100 
keV energies, argon doses o f lx lO 15- 2xl015- 4x101S- 8xl0*5 and 2xl016 atoms/cm2 are 
implanted.
The RBS spectra for the 300 keV implants are shown in Figs. 6.1a,b. RBS analysis has 
been done with 1.5 M eV He ions at 30° tilted incidence, details o f this have already been 
explained in section 3.2.3. Similar RBS spectra for 100 keV argon ions are shown in 
Figs. 6.2,ab. The RBS spectra shown in Figs. 6.1a,b and Figs. 6.2a,b clearly indicate that 
mixing increases with dose and that the mixed width is larger in the case o f the higher
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energy o f 300 keV. When the spectra are examined in detail, it is found that in the case 
o f 300 keV argon ions there is no evidence o f silicon reaching the nickel surface up to a 
dose o f 2x10“  atoms/cm2. However, when the dose is increased to 4x10“  atoms/dn2 it is 
found that a very small quantity o f silicon has seeped up to the nickel surface. RBS 
measurements show that nearly 4x10“  atoms/cm2 o f silicon are found in the top 70A of 
the nickel surface, and below this depth the average number o f silicon atoms extending 
up to the mixed interface is 120x10“  atoms/cm2, (this is discussed in detail in section 6.5). 
As the dose is increased further to 8x10“  atoms/cm2 the number o f silicon atoms in the top 
90A o f nickel increases to approximately 11x10“  atoms/cm2. Finally, when the dose is 
increased to 2x10“  atoms/cm2 the nickel film is appreciably consumed and silicon 
migrating up to the surface is clearly visible in the RBS spectra shown in Fig. 6.1a. 
Similarly in the case o f 100 keV argon ions the RBS spectra show an increase in mixing 
with an increase in dose, but the mixed width is less compared to the width in the case o f 
300 keV argon ions.
Detailed examination o f 100 keV spectra show no silicon reaching the nickel surface up 
to a dose o f 4x10“  atoms/cm2, but when the dose is increased to 8x10“  atoms/cm2 some 
nickel seeps up to the surface. When the dose is further increased to 2x10“  atoms/cm2 the 
nickel film is appreciably consumed and Fig 6.2a shows clear evidence o f silicon 
reaching up to the nickel surface. An estimate o f the number o f silicon atoms in the 
mixed layer for increasing doses is given in Table 6.1 for both 300 keV and 100 keV 
argon ions. The above mentioned results will be discussed in detail in section 6.5.
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EXPT. No. DOSE
(atoms/cm1)
300 keV 100 keV
No. OF SILICON ATOMS IN 
THE MIXED LAYER 
(atoms/cm*)
No. OF SILICON ATOMS IN 
THE MIXED LAYER 
(atoms/cm*)
1 1x10“ 61.2x10“ 52.5x10“
2 2x10“ 81.3x10“ 69.8x10“
3 4x10“ 123.8x10“ 98.6x10“
4 8x10“ 167.8x10“ 136.0x10“
5 2x10“ 265.0x10“ 205.0x10“
TABLE (6.1). NUMBER OF MIXED SILICON ATOMS IN THE Ni-Si SYSTEM FOR 
VARIOUS DOSES OF ARGON IMPLANTED AT 300 keV AND 100 keV.
EXPT. No. DOSE
(atoms/cm1)
300 keV 100 keV
No. OF SILICON ATOMS IN 
THE MIXED LAYER 
(atoms/cm*)
No. OF SILICON ATOMS IN 
THE MIXED LAYER 
(atoms/cm*)
1 1x10“ 40.0x10“ 35.0x10“
2 2x10“ 53.8x10“ 44.0x10“
3
4x10“ 69.8x10“ 55.5x10^
4 8x10“ 91.5x10“ 73.2x10“
5 2x10“ 140.0x10“ 121.4x10“
TABLE (6.2). NUMBER OF MIXED SILICON ATOMS IN THE Fe-Si SYSTEM FOR 
VARIOUS DOSES OF ARGON IMPLANTED AT 300 keV AND 100 keV.
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6.4 ION BEAM MIXING AT THE INTERFACE OF AN Fe-Si SYSTEM
Ion beam mixing at the Fe-Si interface has been investigated for a set of energies and 
doses which are identical to the ones used in the case of a Ni-Si system presented in 
section 6.3 above. The implant conditions for the Ni-Si and Fe-Si samples are kept 
identical by implanting them simultaneously using a carousel as explained earlier in 
section 3.3.2. This is essential for drawing a comparison between ion beam induced 
mixing in the two systems. The thickness of the deposited iron film as measured by RBS 
is found to be approximately 450A, and the projected ranges of 300 keV and 100 keV 
argon ions in iron are calculated as 1400A and 452A respectively.
The RBS spectra for mixing at the Fe-Si interface using 300 keV and 100 keV argon ions 
are shown in Figs. 6.3a,b and Figs. 6.4a,b. Once again as in the case of the Ni-Si system 
these spectra show an increase in the number of silicon atoms in the mixed layer for 
increasing argon ion doses, but the rate of increase in mixing with dose is less than in the 
Ni-Si system.
Detailed examination of the spectra shows that unlike the Ni-Si system there is no 
evidence of silicon migrating to the iron surface. An estimate of the number of silicon 
atoms in the ion beam mixed layer for increasing ion doses is given in Table 6.2. The 
spectra shown in Figs. 6.3a,b and Figs. 6.4a,b and the results of Table 6.2 are discussed in 
detail in section 6.5 which follows.
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The results presented in sections 6.3 and 6.4 for ion beam induced mixing at an interface 
for the Ni-Si and Fe-Si systems are discussed in this section. First the Ni-Si system will 
be discussed and then a discussion will be given on the Fe-Si system. A comparison 
between the two systems will also be made during the course of the discussion.
6.5.1 The Ni-Si system
The RBS spectra shown in Figs. 6.1a,b and 6.2a,b for the Ni-Si system and the RBS 
estimates for the number of silicon atoms in the ion beam mixed layer for a systematic 
variation in dose and energy (see Table 6.1) enable us to make the following 
observations.
(i) The number of silicon atoms in the ion beam mixed layer increases with an 
increase in argon dose for both 300 keV and 100 keV argon ions.
(ii) The number of silicon atoms in the ion beam mixed layer are greater in the case 
of the higher energy (300 keV) for all corresponding doses of the lower energy 
(100 keV) argon ions.
(iii) The width of the mixed layer is larger for 300 keV implants than for 100 keV 
implants.
(iv) In the case of 300 keV implants the silicon atoms begin to seep up to the nickel 
surface for an argon dose of 4xl015 atoms/cm2 but a higher dose of 8xl015 
atom/cm2 is required in the case of 100 keV argon implants.
6.5 DISCUSSION OF THE RESULTS
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(v) There is a non-miiform mixture of nickel and silicon atoms in the case of lower 
doses but for higher doses the silicon signal indicates the formation of a silicide.
Observation (i) has been made by looking at the values given in Table 6.1. The number of 
silicon atoms in the mixed layer increases with dose because increasing the dose 
increases the damage and a larger number of silicon atoms can migrate into the mixed 
region via defects [6.17]. In any ion beam mixed system the concentration of the mixed 
elements in the intermixed region depends on both the direct and indirect collisional 
effects [6.18], and this is given as
N = oc<j> + pV<l> (6.1)
where, N = concentration of mixed species in the intermixed region 
(j> = Implant dose used for mixing 
a  and p = Temperature independent constants
Eqn.(6.1) has a linear component (oc<J>) and a square root dependent component (pV<j>) 
[6.19]. The square root dependent component indicates diffusion-like cascade mixing and 
the linear component indicates recoil mixing [1.8]. Generally square root dependence of 
the mixed layer is found in the case of noble or near-noble metal-silicides and linear 
dependence is seen in the case of refractory metal silicides [1.8]. Thus the Pt-Si system is 
an example of cascade type mixing and the Cr-Si system is an example of recoil type 
mixing [1.8].
For the Ni-Si system considered here cascade mixing seems to be the dominant form of 
mixing for both the 300 keV and 100 keV argon ions because the growth in the number 
of mixed silicon atoms is found to have a square root dependence on the dose. This is
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shown in the graphs plotted in Fig. 6.5 by using the values estimated from RBS data in 
Table 6.1. When the ratio of the number of nickel atoms to the number of silicon atoms 
"p/q" (see eqn. 3.15, section 3.2.3) is calculated from the RBS data for 300 keV argon 
ions for a dose of lxlO15 atoms/cm2 a value of 1.47 is obtained. This yields, 
approximately 90xl015 atoms/cm2 of nickel in the mixed layer, which gives a ratio of 90:1 
for the number of mixed nickel atoms per incident argon ion. This number is 
substantially greater than what can be accounted for by recoil mixing [6.20], and 
indicates the domination of cascade mixing in the Ni-Si system. Moreover, this square 
root dependence of the ion dose appears similar to the square root of time dependence in 
the thermal treatment of Lau et al. [6.21] who suggest a diffusion-like process for cascade 
mixing. Also T. Kanayama et al. [6.22] suggest that the linear dependence of the number 
of mixed silicon atoms on the square root of dose occurs due to diffusion controlled 
cascade mixing [6.22].
According to observation (ii) the RBS spectra and data of Table 6.1 shows a greater 
number of mixed silicon atoms in the ion beam mixed layer for all doses of 300 keV 
argon ions as compared to the corresponding doses of 100 keV argon ions. This can be 
explained in the light of Sigmund’s conclusion that "noticeable increase in mixing rates 
occurs at a fixed depth with increasing energy" [6,12]. Thus the greater ion energy 
creates more damage in both the nickel film and the silicon substrate, resulting in greater 
migration of nickel into silicon and also silicon into nickel via the created defects. But as 
the migration of both species will be controlled by effects of radiation enhanced 
diffusion, one species may migrate preferentially into the mixed region [6.22], Again as 
pointed out in observation (iii), an increase in the width of the mixed layer for higher 
energies is expected because energetic heavy ions create deeper damage and are more 
effective in initiating atomic collisions and generating defects, thereby, making the
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mixing process more pronounced.
Observation (iv) is made on a close inspection of the RBS spectra in Figs. 6.1a,b and 
Figs. 6.2a,b. For doses of 4xl015 atoms/cm2 and 8xl015 atoms/cm2 the spectra of Fig. 6.1b 
show a small drop in the height of the nickel surface signal. This drop is because of the 
small amount of silicon reaching the surface and not because of argon, as argon can be 
accounted for in the RBS spectra. Also the long trunk in the silicon signal confirms that a 
very small amount of silicon has migrated to the surface. This small quantity increases 
with dose and for the lower energy of 100 keV a higher dose is needed to make the 
silicon seep to the surface. The presence of this small quantity of silicon seeping up to 
the nickel surface can be explained by considering the diffusion of silicon atoms along 
the nickel grain boundaries. The seepage of silicon increases with dose because the 
nickel grains get smaller due to increased mixing and hertce more silicon can diffuse 
through. Similarly, for higher energies a smaller dose is needed to trigger this seepage 
because more mixing occurs and the grains dissolve quickly even for low doses. The 
diffusion of silicon along metal grain boundaries has been illustrated earlier in section
3.2.3 (see Fig. 3.6d).
Observation (v) can be explained on the basis of the following facts. At low temperatures, 
mixing is primarily due to the dynamic collisional processes which depend mainly on the 
ion energy and masses of the ion and target atoms. The mixed layer which is formed 
mainly due to cascade mixing originally contains a non-uniform mixture of atoms in a 
non-equilibrium high energy state. In order to achieve equilibrium the system relaxes to a 
lower energy state and if the composition of the mixture is close to the stoichiometry of a
particular compound, the system relaxes via phase formation as it is energetically
/
favourable. Otherwise, it results in a meta stable compound showing non-uniform 
composition. Thus non-uniform mixed layers will usually be observed for low doses
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[6.23], and as the dose is increased the mixed region grows and the final composition of 
this layer depends on the migration preferences of the species. If a particular dose is able 
to create a final composition close to the stoichiometry of a compound then phase 
formation will occur as already explained above.
For high doses the temperature rises. In our case the temperature at the end of the implant 
for the highest argon dose (2x10“ atoms/cm2) was measured as 32°C. However, any effect 
of this heating on mixing is ruled out as unimplanted portions in close proximity of the 
implanted area show RBS spectra with sharp interfaces. In fact it has been proved that no 
interface reaction occurs if the incident ions stop within the top metal film [6.24, 6.25]. 
The originally sharp metal/silicon interface is mixed primarily because of the dynamic 
collisional processes initiated by the passage of swift primary ions, and the mterdiffusion 
of the atomic species in the bilayer is brought about by the presence of defects such as 
vacancies and interstitials.
In the Ni-Si system considered here tlie RBS spectra of Figs. 6.1a,b show non-uniformity 
in the mixed layer for lower doses. However, for the higher dose of 2x10“ atoms/cm2> 
evaluation of "p/q" indicates a value of 1.94 for the 300 keV and 2.28 for the 100 keV 
implant. These ratios are near the Ni2Si phase and the flatness of the RBS signal in the 
mixed region is an indication of a silicide being formed.
6.5.2 The Fe-Si system
The RBS profiles for the Fe-Si system implanted under conditions identical to the case of 
the above mentioned Ni-Si system are given in Figs. 6.3a,b. Estimates of the number of
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silicon atoms in the mixed layer are given in Table 6.2, and a plot of these values is 
shown in Fig. 6.6. The essential features which are evident from the spectra of Fig. 6.3a,b 
and Table 6.2 are given below.
(i) The number of mixed silicon atoms in the Fe-Si system is less than every 
corresponding case in the Ni-Si system.
(ii) Like the Ni-Si system mixing increases for increasing energy and dose, but the 
magnitude of the mixed widths is much smaller.
(iii) Unlike the Ni-Si system there is no evidence of silicon migrating to the iron 
surface in any of the cases considered.
(iv) The graphs for the number of mixed silicon atoms versus the square root of dose 
are linear, and like the Ni-Si system indicate cascade mixing [6.26]. Although the 
graphs indicate cascade-type mixing, the RBS estimate for the number of mixed 
non atoms in the case of lxlO15 atoms/cm2 of 300 keV argon ions gives a value of 
only 16 iron atoms per incident argon ion.
(v) Unlike the Ni-Si system there is no clear evidence for silicide formation from the 
RBS spectra.
From the above it appears that diffusion of both species in the Fe-Si system is slow. The 
graph in Fig. 6.6 indicates square root dependence of the mixed silicon atoms but the 
number of iron atoms mixed per incident argon ion is about six times less as compared to 
the Ni-Si system. This may be due to partial out diffusion of iron atoms towards the 
surface. The fact that silicon is not found migrating up to the iron surface in any of the
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cases considered above may be because of the complex micro structure of iron [6.27] 
which prevents the silicon from migrating through it. Trapping of silicon at the grain 
boundaries and alloying with iron could prevent the silicon from diffusing to the surface. 
As a result of the observations made so far it appears that Ni is a better material as 
compared to iron for silicide formation and hence a better bet for micro-electronic 
applications.
N O T E .  T h e  graphs in  fig .6 .5  and fig .6 .6  appear to  be straight lines h av in g  a n ega tiv e  in tercept on  the X  
axis. B u t in  fact, w h en  doses lo w e r  than l x lO 15 atoms/cm* are con s idered  these graphs w i l l  pass 
through the o r ig in  due to  dom ina tion  o f  the square roo t dependent term  in  eqn.6.1.
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C H A P T E R  7
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
7.1 INTRODUCTION
This chapter is written with the aim of concluding the experimental work presented in 
chapters 4, 5, and 6. Also, in the light of the conclusions drawn some suggestions are 
given for further work.
7.2 CONCLUSIONS
Mixing versus angle of incidence with depth
The experimental results for mixing versus angle of incidence with depth show much 
larger values of mixing as compared to the Wilson and Webb model. This is indicative of 
radiation enhanced diffusion. However, interestingly enough the Wilson and Webb model 
shows a close fit to the experimental results around the peak of the energy deposition 
even though it does not take radiation enhanced diffusion into account specifically. This 
may be because the Wilson and Webb model allows the anisotropic behaviour of the 
cascade to be simulated, and the close fit at the peak of the energy distribution is 
probably due to the high degree of anisotropy in the high energy group of trajectories.
141
Chapter 7
The high degree of anisotropy in the model leads to a high concentration of particles 
moving in the forward direction which appears to model the behaviour of radiation 
enhanced diffusion of interstitials.
Also a comparison of the experimental data with a version of the computer simulation 
code TRIDYN shows much higher values of mixing in the experiment, even though 
TRIDYN considers both cascade mixing and recoil mixing. This again is probably due to 
diffusion of excess interstitials. i.e. radiation enhanced diffusion. Similarly, when the 
experimental data is compared with the Average Diffusion model the theoretical values 
are found to be very low, which strongly indicates radiation enhanced diffusion in the 
experiment. As a conclusion to the above observations it appeals important to include the 
effect of radiation enhance diffusion in any good model of mixing of silicon systems.
The use of Ta and Au markers shows that marker species has no appreciable effect on the 
mixing process. This proves the validity of the hypothesis that markers can be considered 
to be very dilute and thus behave like the atoms of the bulk matrix.
A study of atomic collision cascade using a double marker system
Ion irradiation of amorphous silicon leads to transport of the silicon atoms, causing 
regions of contraction ( due to excess vacancies ) and regions of swelling ( due to excess 
interstitials.) in the target. These regions of contraction and swelling can be observed by 
RBS using a double marker system. The point defects in amorphous silicon tend to 
cluster, although some recombination of defects must occur. The transport or mixing of 
silicon atoms induced by the argon beam in amorphous silicon is enhanced by RED, and 
cooling of the target reduces the effect of RED and movement of the target atoms is 
primarily collisional.
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Ion beam mixing of the interface in the Ni-Si and Fe-Si system shows that cascade type 
of mixing is dominant in both of these systems. Both systems exhibit a square root of 
dose dependence on mixing but the collisional process is not simple and does not merely 
depend upon the energy of the projectile and the masses of the projectile and the target 
atoms. The microstructure of the metal plays an important role in the diffusion of silicon 
through the metal, and, in the case of the Fe-Si system trapping and alloying of silicon 
with non along the non grain boundaries appears to prevent the diffusion of silicon. 
Nickel on the other hand mixes more efficiently with silicon and as a conclusion it can be 
said that the Ni-Si system is better than the Fe-Si system from the point of view of 
silicide formation.
7.3 RECOMMENDATIONS FOR FURTHER WORK
In the light of the experimental observations and the conclusions given above the 
following suggestions are being made with a view to carry on further research work in 
the direction of the work presented in this thesis.
The experiments done to investigate the effect of mixing versus depth as a function of ion 
incidence showed the presence of RED and no control on the temperature was 
maintained. It is suggested that LN2 implants be made for these experiments so that the 
contribution of RED can be estimated. Also a wider variety of markers and ion doses and 
energies is recommended, so as to confirm the effect of these factors on mixing. On the 
theoretical side, the mathematical modelling of the Wilson and Webb model needs to be 
improved by correctly incorporating the effect of RED.
Ion beam mixing in the Ni-Si and Fe-Si systems
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A  better sectioning of the collision cascade by using a system of three markers instead of 
two is advisable. The deepest marker would still be used as a reference marker, but, the 
region of interest in which the collision cascade is to be observed will now be the region 
between the two markers instead of the region between the shallow marker and the 
surface. This will make the observations more reliable as sputtering effects will be 
eliminated. Also if wedge shaped films are deposited then measurements can be made at 
more frequent and more regular depth intervals without having to fabricate too many 
matrices.
In the experiments on mixing at the Ni-Si and Fe-Si interface, X-ray diffraction studies 
are recommended to check for the different silicide phases which may be formed in the 
mixed region. A measurement of the electrical resistivity of the silicide layer is important 
from the application point of view and will be done as a follow up in due course.
N O T E ,  A t  p resent in  the m arker experim ents the sputter d ep osited  s ilicon  film s  h ave  a h igh  percentage o f  
argon  in  them. F o r  future experim ents  the s ilicon  film s  shou ld be d ep os ited  w ith  a m uch  lo w e r  
percen tage  o f  argon  as this w i l l  im p ro ve  the p ack in g  density  o f  the am orphous s ilicon  and w il l  
a lso  reduce the p rob lem s in troduced  b y  the fo rm ation  o f  argon  bubbles.
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Appendix 1
TYPICAL VARIATIO N IN  ELECTRONIC G AIN DURING A  D A Y’S  RU N
Any variation in electronic gain will produce a variation in the calibration of the RBS 
spectra. Thus the electronic gain needs to be monitored continuously during the course of 
data collection. This is done by fixing the pulser position, and any variation in the 
electronic gain will be indicated by a shift in the pulser. The pulser position is obtained 
by fitting the pulser signal with a Gaussian distribution and determining the mean of the
distribution. The data obtained for the position Rp of the pulser signal during a typical
days run is given in Table 1 A. The mean value 7?p = 502.09 of Rp is given at the bottom of 
the table. The standard deviation of the pulser position is given as G  = 0.23.
I f  2g  errors are considered then the pulser position is given by 502.09 ± 0.46. Thus the 
instability of the amplifier is 0.09%. This shows that the amplifier is quite stable and the 
correction in the calibration due to electronic gain variation is likely to be negligible.
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N U M B E R  O F  
O B S E R V A T IO N
P U L S E R
P O S IT IO N
%
S IL IC O N  E D G E
Rs
1 502.11 279.72
2 502.39 279.94
3 502.13 280.58
4 502.14 279.18
5 502.26 280.01
6 502.27 279.59
7 502.20 279.83
8 502.20 279.63
9 501.77 278.59
1 0 501.75 278.54
11 501.75 278.55
=502.09 = 0.23 s=:279.29 a -0.87
TABLE (1A).
j
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Appendix 2
VARIATION IN  BEAM ENERGY
Variation in beam energy can be monitored by observing the silicon edge in the RBS
spectrum. For determining the position Rs of tire silicon edge the raw data is smoothed 
with a five channel averaging procedure and then differentiated. The differentiated signal 
is fitted with a JHG and the data obtained is given in Table IA. If 2a errors are 
considered, the silicon edge position is given by 279.29 ± 1.74. Thus the percentage 
variation in beam energy is 0.6%. As the beam energy is 1500 keV a variation of 0.6% 
would alter it by 9 keV.
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